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A ? S T R A C T 

S fitrto ri'faictj in "'f ir 'r; roR r't 1 t e or '^tures 

hrs attroetor'! c.npd. r lo i?. ror;t in the- recent past. Bec- 
ause if acute aher-^'- e f c ''i-'i.' c al, pcr-' " scarcity along 
with its hi- h ■'rice, 'n-i ''■Iy nt^'jos in flexibility for choi- 
ce ef raw not 'rials the triwif’’ tow^r^hp this Direct Reductii-n 
route is incro--'s,in{ stco' -ily. 

The nr V cati n ' 'bni ni this investij ■■'tion is the repo- 


rted success if the Ti'.siPieO IP.,trry Kiln T'r c -ss which emplo- 
ys an unclorhed inj'ptj. n . f hy'''r 'car -.'n in th^; usurl .tary 
Kiln process. rrasi;r.t irvostip.pti n usc'^ methane i'^s ?■ -'’ucing 
apont for the r ■'•Hicti n f nro ir-r. oxide s'horic'^l nellet. 

t* 

Sometimes, raeth' n^.-hydropon mixture of hydrto ■-•J'i alone has 
been used for corur-'''r'' tiv. study. i)x'''-jrimonts ( Thermop'ravime- 
tric) have been conduct'^d with v-'inious t.''npor''tures , flow 
rates and porosities of p '.‘ll .ts. Simultaneously exit ga,s an- 
alyses has hoon doPio in e'ich •'•x'peniment . C-arhon deposited on 
the nellet and on the apparatus due tc cracking of methane 
have also been me.naured. Moreover, change of pellet teraner- 
ature with time during r-w^uctien has been measured by embe- 
dding 0 thermocouple inside the p-ellet.The tenrierature range 
has been 800°C to 1025^0. 

From the oxnarincntnl results obtained, so far it has 
been concluded tha.t th'O cracking' of methane on the inner su- 
rface of the Mullito tube which surrounds the nellet is con- 
trolling the overall mte to a, great extent. Hydrogen gener- 
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n.t.sr'’ through crr.-ckin." ;f is tho ’-'rincirp.! roriucinf 

a{"ent. Th: rroc -f r',-"''uction ‘-.y hy''‘’ro£ en p^'-'op.rf: he 

controll '.i ''■.■y fif r"* ■ of conv.:ctivo rn-~sp tr‘'nsfor in tho 
r-B bcun'''''ry 1' y z- -r onk the vellet. The a-^'-'.ro'nt -octiva- 
tien onez'.!‘ier ere t5.0 KJ/.^- . inc-lo in the tero' or'^ture rpn.P:G 
of 950°C ~ 1025 ■ rr'’ 15*3 K J/y.r. .tie in the* t 'n'".3rature ra- 

Hf. 0 of 875°C - 930 ^'C. C-^'r' .'tn ' ’ ceiti'.tn incror.soh raijidly 
•with rise in ten'- • r- tur^ , i '-'rie.' t ..-twtsen 0.02 to 3.1555^ 
of tho woirht of r zchicv "I ’:otel. It is not oxoecterl to 

block th.' - iros aifnif icontly. The rotes of reduction with 
raethono wero o-p’'roxirr'!t.;.ly: l/5th of those vrith pure hydrogen. 
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Diroc-^ of iron o-ep a* lev triune nature has 

gained, a co i^ideroble iorortarce in reco:t , rs due to the 
fast do;.; "'ting rep.3rue of coking c:)ol and the ever increas- 
ing dem no for ste-cl '^orsp. In the direct -eduction of iron 
ores, the iron ores ar3 reduced by a suitable reducing agent 
below the fusion tomnerrturo of iron. The various reducing 
agents employed are c.arbon, carbon monoxide, hydrogen or a 
mixture of CO and H2. The reduction is caried out in various 
types of reactors, sueb -s shoit furnaces, retorts, fluidiz- 
ed'beds, rotary kiln- etc. Of tbeso, the rotary kiln process 
has the lowert initial i-ivestraent and it can take care of 
low grade coa.l which is plenty in India. Hence, this process 
is found to be th .? moat suitable under Indiana context. 

The conventional rotary kiln proc ;ps uses only coal 
as reducing agent. The kiln is partially filled with the ch- 
arge comprising -ore, cod and a do sulphurising agent. The 
gases generatod'^during reduction are burnt above the charge 
to meet the heat rGquir...ment of the process. Combustion is 
accomplished by supply of controlled amount of air at diff- 
erent parts of the kiln. The reduced material discharges fr- 
om the kiln and is cooled before exposure to ambient condit- 
ions. It is crushed and magnetically seperated from the char/ 

ganguB mat eriai • 
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A ro'fcBi'Y kilY crri bs brotidly divided iriio iwo zoxiss — 
8, pi'cliee iing* zone .^nd '”*■ neduciion zone. In iliG prohe^iing 
zone “bhe chRi’ge getp hooiod upio rboni 800 0 accor!ipo.nied by 
reduction of iron oro iipto T-niotitc nho.se T^rhile in the redu- 
ction zone reduct j on of '■'uetitc to e .^t '^llic iron t:ikes place* 
The main di?=5adv^‘'nt‘'^ge of ri rotary ki ].n ie itj? low productiv- 
ity. The productivity of a rotary kiln ie around 0.2 ton of 
Fe/day.m^ as cor-r'^riod to 2.0 tons of Fe/day.m or more in 
"blBsij fumres. jl'i-iyoforc , offori;? should iti' do "to incros.S6 
"bho produ.ctivi'ty of ? T'o'tory kil]i,CoriBid‘:>'r''blij xirork has boon, 
done in ibis direction. 

The latest inriovotionr in this oron. are submerged air 
injection in tho prohooting zone o.nd the underbed injection 
of a hydrocarbon (liquid or gaaeous) in the reduction zone .It 
is claimed th^t the submerged air injection in the preheati- 
ng zone reduces the length of the preheating zone so that fo- 
r a given length of the kiln the reduction zone becomes lon- 
ger, leading to possible loxforing of operating temperature. 
The beneficial effects claimed due to underbed injection of 
hydrocarbons include shorter reduction times, lower operati- 
ng temperatures, increased productivity, closer control over 
sponge composition with desired carbon contents over a wide 
range, absence of typical operational problems like ring 
formation etc. It is expected that tho hydrocarbon decomposes 
partially inside the charge, generating active species of 
carbon and hydrogen which lead to significant improvement 
in reduction kinetics. 
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Tho Direct 3...,.'i-uc ':ion Process Dov«',lop>^ent Division of 
Research ?nd Doveloprt'.imt Center, Steel Authority of India 
Limited, Ranchi desirsd that some fundamental studios on the 
reduction ciC iron or-s/oxide pellet in nethanc containing ga- 
ses be conducted. Th;:; r';'Sults of thise studies may help them 
in knowing how the hyd'^o carbon irijjction in the reduction 
zone of the rotary iln ir.iproves th .■ kiln performance. 

Scop'S of thy 'Ryrk 

The '"copo of the work xv-s tv;itrt?voly draxm by 
mutual discx-issions and it is follows : 

To study th'..' iron oxid 5-raothr'xie interaction at 
elevated te"''pernturos ILniti.olly the approach w'uld be to ca- 
rry out experiments '-'imilsr to those reported in literature, 
followed by nexf experiments and interpretation of data to the 
extent possible. 

The program of the present investigation is as 

noted below : 

(i) Rr^eparation of pure ferric oxide pelle- 
ts of different sizes and porosities by hand 
rolling and sintering. 

(ii) Single pellet weight loss measurements 
by a thermogravinotric apparatus using H 2 ,CH^, 
H 2 + CH^ as reducing gases at the temperatures 
ranging from 800*^0 to 1100 °C. 

(iip) Oss purification and extensive analysis 
Of reactant as well as product gases. 



(iv) r.c.-: eurunc-iit of t "’"ip or'^tu.re changes in 
the p:llot 'during reinction. 

(v) An'-ly'^is of th.e rvoducod product by a 
Inyorwise d oternini^tion of netrllic iron and 
carbon (free and combined). 

(vi) Identification of iron carbide in the 
product. 

(vii) A ‘^‘:udy of th ■ ricrostr'a *tur3 of the 

' r(?duc.-;d sanple from the periphery to the core 

of thfj pellet. 

1*2 Litoraturo Iloview 

1.2.1 Darlier in.vGstiga tions on r.jduction of fer r ic 

axidig-b.;: .by.c^fOc.arb.ong. :• 

Inv -'Ptigationp on ri.;duction of iron oros have 
been carried out using mostly H^, CO, and. gr s mixture conta- 
ining H 2 and CO. Very few investigations could be located 
when hydrocarbons have been employed directly for reduction. 
This is because h 3 ^drocarbons are first reformed into a gas 
mixture containing H 2 and CO, which is subsequently employed 
for reduction. 

Mullet t at al^ ^ showed tha.t at temperatures 
below 930°C consistently better reductions of prefluxed Con- 
sett sinter were obtained in a laboratory hiln using hydro- 
gen - carbon dioxide - butane mixture, in which the hydroca- 
rbon was reformed within the kiin, than xfhen chemically equ- 
ivalent hydrogen - carbon monoxide mixtures were used* 
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i 2 ) 

Nixon ^ ^ exploinc th:: f vourrblo* results of butane injection 
by the high r?-'ctivity of the ’ no, scent ’ corben raonoxide, carb- 
on and hydrog.ai produced by the outocntalyz^cl reaction of hy- 

f 5 ) 

drocarbor, n the suriacv; of the partly reduced ore particles 
After the initial burst of reaction c^.used by the sctivo.ted 
molecules or r‘'dicals of the reducing g^ses reacting at the 
surface of the part,ly redu.ced ore, the further influence of 
the hydrocarbon feodptock on the rate of rosetion were pred- 
icted by the requirements of diffusion in the solid. The di- 
ffusion of gases ari> enh-'rced by rnicronores and macrocracks 
induced by the re-'ction of the h^’-drcc irbon. Increased pore 
surface areas were obse-rvod by Nixon et al^^\ 

Misra^^^ re' do systiwatic study on the reduction of 
hematite with moth^'.ne dir ectly and compared with that of re- 
duction with H 2 . It was seen thtot the rate of reduction with 
CH^ was always less than that with H 2 . I'or the reduction of 
hematite with CH^, sbove 30 reduction, apparent activation 
energy was found to b^/ of the order of 46KJ/grn,.nole in the 
temperature range 900°C - 1000°C and 2.73 KJ/gm.mole in the 
temperature range 800*^0 - 900°C. At about 15 '/^ reduction, the 
apparent activation energy was of the order of 2.73 EJ/gm, 
mole. Studies were made on the rate of decomposition of me- 
thane on reduced iron, and «xn activation energy of the order 
of 63.84 KJ/gm.mole was found. From tho theoretical calcula- 
tions, the apparent activation energy for the diffusion of 
CH^ in CH^ - H 2 mixture was found to be of tho order of 1,8 
KJ/gm. mole. 



6 


The reRultr jf the nbove inv .stigr'tion were analyzed 
with the aid of different kinetic nodol, r-nd it wae found th- 
at in the teLroernti?rG r^'rgo 900°C — 1000°C , the decompositi- 
on of methane to c-'rhoo an''’' hydrogen was found to bo the ra- 
te controlling steo ir the roductiur' of h-omatite with methane, 
whereas in the temperature range 800'" C - 900 C, diffusion 
across the outside c^^rbon I'^yer was found to be the rrote 
controlling stop. 

Thornodyno’' :ic calculations for the re''''uction of PeO 
with CH^ snowed that there is complete conversion of methane^ 
and carb.n is not present at equilibrium which proves methane 
to be a,n o-ffoctiva reducing scent for the reduction of iron 
ores. 

1.2.2 Invosti frt ions on pyrolys i s of me thane : 

The pyrolysis of methano was investigated 
by many workers. An oxcollont surarnry of earlier work is 
given by Bgloff^^^ It is genor-lly oolieved that the crac- 
king takes place via free redical nech?.nisn, Eisenherg and 
Bliss studied the pyrolysis of methane in a. tubular reac- 
tor between llOO'^C and 1200°C and showed conclusively that 
methane pyrolyvsis is not a first order reaction. Its rate 
may he described by a normal growth c<jrcve. They further sho- 
wed that the rate is accelareted by ethane in the feed and 
inhibifiif'by hydrogen. Syskov and Jelikhovarh studied the 
formation of coke from methane and suggested that coke mainly 
consists of high molecular weight aromatic hydrocarbons. 

Hirt and Palner^^^ obtained an activation energy of 433KJ/nole 
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for hornogeneou.f? 
reactor betwoon 


r’oc-)npoRition of nethane into coke in flo>r 
890°C and 1100°l^. ■ Albright -n/i MaConnell^^^ ^ 


investig^tod the rate of coke forn'^tion in o-thane pyrolysis 
and foun' that the cokiT^g phononenan \^r.s significantly affe- 
cted by the naterial of construction of the pyrolysis tube. 
Although no ouantit-tivo expression for catalytic effect of 
metals and their oxides on pyrolysis of methane not 


available, it is reported by Stanley and Hash 


( 11 ) 


and liTheel- 


er and ¥ood^^^^ that metals like iron, nickel, cobalt , copper, 
platonum and. pall.adiui:! tend to ■prc'‘''jte the tot.al decomposit- 


ion of methane to carbon and hy'^-^ogon. 
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CH-\PTER II 

R X P 8 R I K '3 T A L 

Experimental progr’-^m may be conveniently discussed under the 
follox-ring heads : 

Preparation of pure ferric oxide pellets 
Experimental set-up to determine fractio- 
nal reduction of single pellet as a func- 
tion of time 
iiu X i 1 i a r y me a sur omen t s 
Experimental procedure 

II. 1 Preparo-tion of Pur^ Feri^_c_J)xide__Pey-,ots 

II. 1.1 Prepara^on _of_porous__ pellets : 

Chemically pure (9^.V'/<) commercial ferric 
oxide T.owdor (Fischer Scientific Company) was sieved and 
the -200 mesh fraction was pelletised by moistening , hand- 
rolling and drying in oven at 110°C for 12 hours. These 
green spherical pellets were kept on an zirconia boat and 
introduced into a horizontal furnace with silicon carbide 
rods as heating elements. A heating rate of approximately 
200°C per hour was maintained. An. atmosphere of oxygen was 
kept in the furnace tube throughout tho heating and cooling 
cycle. After a few trials, the temperature and time of sint 
ering chosen to 1000°C and 3 hours respect j.vely to obtain 
approximately 30 /- porous pellets. 
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II. 1.2 Prep-arri-tion of dorf^.y p ollot ? : 

For preparation of den.ae pelleta it was felt 
that finer particle siz) of ferric oxide is required,. The 
method of preparatior folloT'''}d w.ar that given by Vogel^^^\ 
A.R, grade feroous ammoniui'; suplhate wa.s used as the star- 
ting material. L. s.'-iturrted solution of it was made with di- 
stilled water. This solution w.'^’s heated to 70^0 - 80*^0 a.nd 
then cocoentrated nitric acid was added dropwise into it to 
oxidise tho ferrous ions to ferric ions, the completion of 
which was indicated by a clear yellow colour of the solution. 
The revsulting solution was boilod for few minutes to remove 
brown coloured gases likely to bo oxides of *^itrogon, and 
then allowed to cool down to 60°C - 70°C. Through this wa- 

rm solution, ammonia gas, was passed with stirring till prec- 
ipitation of ferric hyriroxide was comnlote. The ammonia gas 
was prepared in the laboratory by ■■■'.llowing concentrated amm- 
onium hydroxide solution to react with solid sodium hydroxi- 
de. This method of precipitation was adopted to a^'oid possi- 
ble contamincation of ferric hydroxide with silica, tar etc. 
which would have resulted because of dirvcct ‘’ddition of amm- 
onium hydroxide solution. The precipitate was ther>washed 
with hot distilled water repeatedly until complete removal 
of the adsorbed ammonia was accomplished. The washings were 
tested for amraonia by litmus paper. For a number of occasi- 
ons, ammonium nitrate solution has been used along with hot 
distilled water for washing purpose. The precipitate v^as 
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thon filtarod n.nd driod in ov. -, m tanperpture of 110^0 
for 8 honno . Pannic oxid ' a”’'''-! obijo-inod fnoBi fliis foriic by— 
droxlda procipitnte by colcin--'tion at 700°C in oxygon atmo- 
sphere. The resulting forric oxide was then ground by stool 
balls with adequato '■’•ovount of water for 45 minutes. The fine 
particl.^a. of ferric oxide wore then filtered and allowed to 
dry -t room teniper^'ture . The pellets wore prepared out of it 
by hand-rolling with the necessary amount of water as binder 
followed by dryixig in oven at 110°C for 12 hours. These gre- 
en spherical pellets then followed the same roufe as in case 
of porous pollet preparation. Only differences to bo noted 
nre little slower heating ^nd cooling rate to avoid possible 
thermal cracks, and sintering tr.porature and time as 1375°C 
and 4 hours respectively to attriin approximately 5/t porosity. 


11.1,3 Measurement of porosities of pell ets : 

Tll0 W’GXg^il'fc of pollof WOS ri GPuBlIP Gd XCClIX*'rl— 
tely upto 0.0001 gm in a single pan semi -micro balance. The 
diameter of the pellet was mecosured by vernier slide callip- 
ers. Since the pellets were not exactly spherical, the diam- 
eter was measured along several directions and the average 
was accepted. Prom this average diameter, pellet volume was 
calculated. The ratio of the weight and the volume of the pe- 
llet gives the apparent density of the pellet. The fractional 

porosity was obtained from the following relation ; 

Theoritic.-il Density — Apparent Density 

Fractional porosity = - - Theoretical Density 

II. 1 

Theor;fetical density of ferric oxide was taken as 5.26 gm/cc,^ 
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II „ 2 a xpor i vintnl Sot- up -bo Detcrrdn^ Frnc tiona l 
Reduction of o S ingle Poliot o.s n Fun ction 
of Time 

II, 2.1 Mothpn'; g.nir.-ration r nd sto ra&e : 

?ig. 11. 1 chows the .sot-up for gene- 
ration and Ftorr'.'o of m.O'thrne. Tho r^vaction generating metha- 
ne is fo3-lcws : 

CH^ COONa + NaOH + CH^ 

II .2, 

It is usually recommended tc take sodium hydroxide in the fo- 
rm of s i 1 lime. Sod---' lime was prepared by grinding and inti- 
mately mixing G.R. rraicle sodium hydroxide with calcium oxide 
in the 7 : 3 ratio. The resulting soda lime and A.R. grade 
sodium acetate were taken in 5 : 4 ratio, ground and mixed 
thcxoughly. It had hoen establi.shed after a lot of trials th- 
at the optimum temperature of methane generation is around 
400^0. 

It was not possible to supply the methane ge- 
nerated a.ccording to reaction II. 2 directly to the reduction 
chamber cst a controlled flow rate. For this purpose, storage 
and pressurization of methane was necessary. 

Fig. 11,1 presents a sketch of the set-up for 
generation and stora. e of methane,. The stoppered pyrex tube 
(No.2;Fig.TT ,1) contained the mixture of soda lime and sodium 
aeetate. Rate of methane generation was slow at the beginning 
and then increased very rapidly. In order to prevent ejection 
of the neoprene stopper (Ho . 3, Fig. II .1) by excess pressure. 
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FIG. n.1 -SET-UP FOR GENERATION AND STORAGE OF METHANE GAS. 
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few a weifhts (No. 4, Pi,: .11-1) ■■ kept on tho stoppor. Also 

a, a^foty vo-lvo (No. 5 ,Pir -H •! ) '"•'’'na instollod in ilio by pa.ss 
of methane lino. The s'-fety valve was nothinf: but an estima- 


ted .amount of watsr head in a lony ^1?-=^^ dipped in a : 

pool of water. H-ree valv-;s which regulate 

the flow of fluids. 


A mixture of 100 gms of sodium acetate and 80 gms of 
soda liwe was taker as the strurting matori,al. This mixture 
after being propvsrly ground find mixed was poured in a, pyrex 
tube(No.2,Fig.II,l). In tho mean time the storage vessel ma- 


de of copper (No. 7, Pig. II. 1) was kept completely filled up 


with wo.ter upto 7^ and stop cock (No. 6, Pig. II. l) • The pyrex 
tube (No.2,FigiIIii) was then / ra.iually inserted in the fur- 
nace (No. 1, Pig. II. 1) wliich had already attained the required 
temperature (iie. 400^0). Towards the start, the stopcock (No. 
6, Pig. II. 1) was kept closed as lot of air used to come out 


along with methane. This impure methane used to bo vented 
off through a bypass (No.5 ,Pig.II.l) • After some time, when 
the gas generation rate became appreciable, stop cock (No. 6, 
Pig. II. l) was opened a^nd the valve 7^ was detached from the 
pressurizing waiter taink (No.9rPig.ll*l)* "^he outlet of the 
water ta,nk (No.9,Pig.II.l) which got isolated from 7^ was 
clamped so that water does not flow out of the tank. The 
valve 7^ was a.lso kept closed but the valve 7^ was kept op- 


en to record the pressure of methane. A mercury manometer 
(NOo8,Pig.II.l) was employed to indicate the pressure of 
methane, ¥hen rate of methane generation became too high or too 
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low os could bo un-'l.ir-Rt; ^d frcu tbo nisrt .'-loter (Ko .8 jFic;''. 

II. 1) and s-af ety -Tolve ' (l'To .5 ,Fi '.II .1) , tho vrlvcs was 
manipultOt ed to docroas:? or incrooso tho exit water flow rate 
accordingly so that the nethano <. oneration and storage could 
take place at slightly abtjve atmospheric a r ’3'^ sure. After the 
completion of the methane { ener^ti-.n, th. at-p-cock (Ho. 6, 
Pig. II. 1 ) was closed ''nd tho valve wr.s pj,-.ain connected to 
tho water tank (l'Io,9,Pi?-.II.l). As a result the water rushes 
from the water tank (Ho . 9 ,Pig*II *1 ) ^0 the storage vessel 
(No, 7, Pig. II .1) and compressed the methane gas. The compre- 
ssed gas thus became ready for use. 

During use of methane for reduction the pressure of 
the gas in the store/ u vessel (No. Pig, II .1) tends to drop. 
It was maintained almost c^'^nst'-iit bocauso ^'^f in-flow of water 
from the over-huod tank (No . 9 f Pii'*! I ♦! ) iiito the storage ve- 
ssel (No, 7, Pig. 11 , 1 ). The water lavel in the overhead tank 
(No. 9, Pig, II. 1) was maintained constant by ensuring over-fl- 
ow all the time. Such precautions wore neef''o'i in order to 
ensure a stable flowrate of methane into the thermogravimet- 
ric apparatus. 

With 100 gm.s of sodium acetate and 80 gms. of soda 
linse, methane generation was approximately 30 liters at STP, 
Pressurized methane attained approximately a pressure of 1,2 
atm. The whole operation took a,bout half an hour. 

11.2,2 Gas Train ; 

A gas train was designed and fabricated to achieve 
the removal of impurities from tho gases, the nixing of gases 
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in prc per irti-in x^^h■enGvor nocessf’ry, ani the inonitorin^? 

and controlling jf nop floT-j rate. Fit', II. 2 the layout- 

of ^;as train and its basic comm'nonts. Other than no thane, 

hydrofoj- ’■'ras' sometimes used as reducin,; yas. Uitroyen or 

h 

aryon v- p or.ployod for flusinp the - 'ns line before reduction. 
All these including- ^.xyyen which w^s used for carbon measur- 
ement were como'.ercial cylin.^er yases. To remove oxyyen from 
hydrogen j nitrogen and argo.n, these gasc-s wore passed throu- 

r\ 

gh nicronie-W’'jund copper gauze furnace heated at 400 C, After 
this, the purification train was applicable to oxygen gas 
also. This comprised uf sories of anhydrous calcium chloride 
columns to remcvo moisture fc-llcwod by a soda lime column to 
entrap carbon dioxide. The purified p-ns then reached the mi- 
xer via a calibrated capillary flowmeter which registers the 
gas flow rate. xi column of glass beads was used as the mixer, 
Kethane purification train contained only anhydrous 
calcium chloride column to absorb moisture, if any. The meth- 
ane, free of moisture could be subjected to gas analysis wh- 
enever necessary by a three way stop cock arrangement, G-as 
analysis revealed only one percent of hydrogen and occasion- 
ally, a trace amount of air. One end of the stop cock led the 
methane gas to the mixer like other gas train via a calibrat- 
ed flowmeter. However, mixing of two different gases became 
necessary on only one occasion where the mixture of hydrogen 
and methane was employed as reducing gas. From the mixture 
outlet the gas or gas mixture was fed directly to the inlet 
of the thermogravimetric set-up. 




I 






16 



2 

u. 





17 


Dibutyl phtholfito liquid was use;! in both the flow- 
meters to Monit'-.r the flow rato. Extensive crlibr'-tion of 
these flowrxito.rs with .ufforent ^ -ses like H2,N2,CH4 etc. 
was flone with the hcl-. -f r wot test meter (loshniwal make) 
and corresponding c.-'lib--ti-.-n curves hove been obtained. 

1 1 • 2 , 3 h 0 r ^ 1 0 .f r ^ i v ^ ^ if f * 

II. 3 shjws the sketch of the therinograv- 

imetric Swt— u”"> ot for rec^uction ex^-erirvents • The furnace 

asseribly c^.-nsistecl cf s Mullite tube of 5cr:. I.D. nounted 
vert i c 1-1*0 inside konf^irl '^'f'lUxi.d furnoco# iho unifvjrm temp-* 


ercaturo Z'ono ^'.t the centra') 0 }f the furnace or?.s capproxinately 
5 on lonf!# The j.‘ 0 H''?ty c oetpined in o T^latinun basket y was 
suspended fron the last ceil of the quartz spring- with the 
help of a plantinuu wire. Beth the ends of the Mai-- 
lite tube were cover 3c1 by brriKSS heads carryin^p radiation 
shields. A a:lavSS tube introduced throu^yh the hole at the 
top brass hecud. The elcn.aatGd sirins.^' iras contained in the 
xxpper portion of this j^lass tube. A £^round {-‘Iciss joint cover- 
ing'; the top of this tube provided the necesscury hook to susp- 
end the spring:.* Few orifices were provided n(;r\r the top of 
the hook to allow smooth gas flow. Tho outlet gas line comi- 


ng from the top of the ground glass joint via a neoprene 
3iQpp0]C l0d to a bubbler followed by a ^Drierite ’ (anhydrous 
calcium sulphate) column to arrest the moisture y if any y with 
the exit gases. This was necesscary because the exit gas sam- 
ples were to be analysed by chromat opraph which requires dry 
gas for proper operation. The gas sampling syrini.',e collected 
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FIG II 3 - THERMOGRAVIMEIRIC SET-UP 
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thG Br,’-' '.los fron the -mtlot the 'Drieaito' column. The 
bott '10 brc.BB hec'" hci. two openini'P. The bi-'f-'en opening nt 
the centre nll.w'<r’ inBertiun of r silica tube through which 
inlet gns c"/ning fr^m /ons train fl-ws t'> the reaction cham- 
ber. The tip of a chromel-alumel thermocouple ires brought 
near^suspen^ed pellet through the second o.ponim: to measure 
the temperature .'f the I'ellet. T?j.c, points ^f the glass tube 
with the top brass hof^'^ and of th:, silica tube with the bo- 
ttom one were mcOo le'ilc pro-.f with the help of o— ring sea,ls. 
Each brass head j .'int with the Mullito tube was made air- 
tight by usiU)^ silicone sealant. Similarly .jther joints with 
proba,ble places of leakage were taken care '"f. Top brass he- 
ad required c^ oling n.rranrement to pri^tect o-ring seal which 
wa.s d'Ono by circulating water through a copper coil affixed 

to the braes head by brazing. 

The chromel— alumel thermocouple was atta.ched to a 
PN— OFF temperature controller (Electrnmax) and a millivolt 
potentiometer (Leads and Northrup Co.) via a thermostat and 
a DPDT . switch. Thermostat wa,s used to achieve cooetant re- 
ference junction temperature. The thornoconple was normally 
connected to the controller. V.^hon temperature measurement 
by potentxmeter was required, the connection was switched to 
the latter and disconnected from controller by operating 
the DPDT switch. Millivolt potentiometer was meant for pr- 
ecise measurement of temperature. 

A cathe tome ter with s lesst count of 0.005cm, stat- 
ioned a meter away from the furnace assembly perpendicular 
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to the ^■’irection ; 
splncomont •■f the 
the sr^.nie p-iirit '-f 
librn.tii n of the 


:;f r..verient of th 3 sprin; rocorf'^ e'-^ the di- 
pr.rinr* The cethot /netor w:^s focussed at 
the si rinr vrhichi was ch.. sen also for ca- 
sprint: done rlier bj calibrated standard 


weights. 


H • 5 Auxiliary?- Ke? sur ements 

II . 3 . 1 Analysis . f exit ras by s * 

AS has been discussed in section II.2.3»ihe 
exit 0“'^ the reduction chanber was collected from the 

outlet of a’Drierito' column which absorbed the moisture of 
the gas, if any. A syringe (Top Syringemake ) of 5cc. capaci- 
ty was used for gas swrpling. Usurlly, gas samples of 0.5cc. 
to Icc. were ''"ra,wn for each injection. The injection which 
immediately f>>llowod gas sampling w'-'S perf .rmod through the 
silicon septum to the ,-dsorbing silica, gel column of gas 
chromatograph which separates d iff ..'rent gas components of 
the sample. The chromo.t.'"-raph was monufactured by the ^hro- 
matorgraphy and' Instruments Company, Baroda (model no.ACl- 


TC). It had duel column, about 1.5 meter long and packed wi- 
th silica g'el. The presence and amount of different gas com- 
ponents is revealed from the different peaks recorded on 
the associated recorder (Omniscribe) chart-paper. Peaks 
appear as slightly distorted triangles whose ^reas are pro- 
portional to the volume of the corresponding gas component. 
The calibration of the chromatograph by pure gases like hy- 
drogen, methane, carbon dioxide etc. was usually done on a 
regular basis before the exit gas analysis of the reduction 
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experinent . Gr-s srmploB w3re triken at convenient ti- 

nes fiurinj.: th.::' pr ? noss 'f the rj'h'iction. Peak are’''S wer® 
measure'^ mamially -e intof r?tir., f-'cility in the nocorfler 
H 2 :S not v;;' rkin/". 

The -^if+'ercnt '..perating ccnrtiti ..ns like the follo- 
wings car V. e mentif ned which nay he "useful : 

- carrier gas user"' : nitro> en, hydrogen and argon 
dopendin," ■ j; the r-:quirornent of the experiments. 

- characteristic flo"w rate of carrier gas ; 0,25cc 
(STP)/sec. for nitrogen and about 0.6cc (SI!P)/sec. 
f'.-'r hyrlrop-'en. 

o 

- even temperature : 108 C 

- filsKont cur"" "jnt : 100 mi\ 

- attenuati ,n : varied from 1 to 16 as and when 

required, . 

- full scale voltage of recorder output : 0,01 V. 

1 1 . 3 . 2 Determination of carb-";n do pos ite d on pellet 
and apT'oratu s : 

Carbon arising out of cracking of methane at 
reduction temperatures gets deposited on the apparatus as we- 
ll as on the pellet. Attempts were made to determine the amo- 
unt of carbon deposited by oxidation to carbon dioxide foll- 
owed by gravime~tric or volumetric measurement of carbon dio- 


xide 



22 


II . 3 . 2 . 1 • vjfflotric raath^^-^ ^ ; 

In ra.viao'tric moth carb an dioxide 

rva«iilt.i ..'r . m bTirnin. ■ -jf c'rb'n in ;xy‘'en at gCWC was passed 
thr u. h ' n ' In'-'lic rb ’ (Pisch;'r Scientific C '-O column via a 
U-tubc ^filled i«rith rhylr us calcium chi ;ride to- absorb mois- 
ture, if '■•ny. ’Indicrrb’ is an indicotinf carbon di :xide abs- 
arbor. The cmino' cut r.f thc5 ’Indicarb' clumn was allowed to 
pa.ss thr -u; h " S‘'-tur-’.t'H''^ s elution of barium hydr exido f allow- 
ed by th-'-t f p jt-" ssiu’" hydroxide. The first 'no indicates 
the escape ■.■f rmy carbon ■'■’i.-xi"'’ v f r t'! the ‘ ind icarb' column in 
the f .>rm 'jf whitri b’''rium carb'jnate preciait*) to while the sec- 
md c.no is tv r n'^ist any c aitamination v.f carb'.,n dioxide from 
' utsido.Oxyf; on pas was passed for 35 - 45 minutes at a flow 
rate of 1.7cc (STP)/sec. The diff ('.'ronco botw-Km final and in- 
itial weoi 'ht af *Indicarb’ column, which is the omount of ca- 
rbon di 'rl^h' abs ■ rbed^ W'’S measured precisely and carefully. 
Stoichi' jmetricolly, -'m ^unt of c.^rbon can be obtained from th- 
at carbon dic-xido. First, the carbon deposited on the appara- 
tus which include^ everythinc: other than the pellet was me- 
asur>o1. Once carbc.n is remeved from the apparatus, it could 
be used for raeasurenent of corb^n on the pellet by the same 
method , 

The gravimetric method resulted a good conversion da- 
ta (85^) with pjure graphite. But unfortunately results did 
not appear reliable c^rith carbon on pellet and apparatus for 
the reasons like tendencey of’Indicarb’ t •> pick up moisture, 
consolidation of 'Indicarb* particles during progress of carbon 
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'-'bfi r-ti; n 

the furn'ic>- f .-ll' wue 1 ,, 
e‘£'c"V^J 'f er rh r; '-hi xi'^ 


i.'.-/ .-r*' •rr,. ijn rreBBuro buildup inside 

rf c'^rb'n di "ixide, occasional 
0 fr n the abs •rbin.p: colurn as disci— 


■;Pod by ubit ,, b'-riiiE? c^rb'ai'^te pr>?cipst :.■ f r:oa.ti m, inabili- 
ty t '"1 rmintj t;io carbo.n "-Thich ponotr'-lod inside the pellet 
i";tc. 


11.3.2.2 Yclumetric method ; 

ihe failure i f the fro-viinetric method 
culled f'.'r v'lumetric ap'irc.ach. In this case reduced pellet 
with dop isitod carbi'.n was crushed and ground t ■) very small 
pieces which wore taken "in a 3irci''nia b'''at and introduced in 
the furnace at a t orr! ..,r'''tur 0 '.-.f ab-ut 1160"'C. The standard 
apparatus (lECO, USA) which is used f r determination of ca— 
rb '-n in steel and c' st iror^ by the con?busti''n method was em- 
pltjycd f or this nu'>"r'.'se. Purified c-xygen gas y which was pass- 
ed inside the furnace converts the carbon to carbon dioxide 
and irui t' ferrous oxide rapidly. The latter £ets ^nsed at 
that towp'O'rature. The difference between the volume of out 
coming -oxygen and c-arb'Ui dio'Xide combined and that of oxygen 
after carbon dioxide is absorbed by KOH solution give® the 
volume of cs^rbon dii;xide generated. 

I 1.3. 3 Measurement of variation of temperature 

at the pellet centre : 

Variation of temperature with time at 
the pellet centre during usual reduction was measured. For 
this experiment, the therms- co»jple tip was embedded into the 
centre of the green pellet and then the pellet was sintered. 



IXirinr rof^uction experinicnt this therm'- co-ufl'-* rvsc. rrleci tomp- 
crnture :-f the pellet o ;.ntre -’n fupcti .n .f time ivhile n. 
se’-'T'-ito them C'--U'-'le irvfl..,rte(^ ir.si':^e the furnace to con~ 

tr 1 the t en’-'eratnre. 

II. 4 Bxperimental Procedure 

The reduction furnace, the gc?,.s chrom-otorraph, the 
methane ^'.eneration furnace and the copper cause furnace -were 
gradually heated upto the desired temperatures- Methane was 
at first generated, stored, pressurized and thus kept ready 
for uso. Gas chromatograph -firas then calibrated with different 
pure gases like H2,CH^,C02 otc. In the mean time, the gas tr- 
ain and the reduction chamber wore flushed with a.rgon (nitor- 
gen, in a few experiments). The pellet with knoi-m weight, si- 
ze etc. was put in thn plotinum basket. The assembly of cali- 
brated spring, platinum wire and nlatimum basket w^vS then sl- 
owly lowered into tho reduction chrmbor to avoid thermal cra- 
cking of the pollet. The pollet was allowed to achieve therm- 
al equilibrium. The temperature of the furnace was precisely 
mersur.'d by tho millivolt pot.;5ntiometer and fine adjustment 
in controller setting was done, if necessary, to achieve the 
desired temperature accurately. The desired flow rate of meth- 
ane or/r.nd hydrogen was established through a by-pass, before 
the gas was let into the reduction chamber. After the pellet 
had attained the desired temperature, the reducing gas was 
diroctod into the reduction furnace. The weight loss data were 
recorded at cert-.dn intervals. The zero time corresponded to 
that when the first change in weight was noticed in the form 
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cf ’aj'V'rd 'iij7pl'''Cv.ri.v')t cf tl"".' rTTlng, Ixit .k-'is srimples were 
?l,T.ult-;r jou50.y '^r'-wr "t c3rt' in intervals. She completion 
of r .’duction with ri.iith'^no wcs understood by the sudden down- 
wrrl movor.ont of th^; spring, i'his w:is diuo to the result of 
corbori •p.'sition on the pollot — the only rer^ction left 
'iftcr thj oxycen in ferric oxide pellet is alnost 
r ’moved . However, nothano wa.s still passed for a few minutes 
to check thot observation. 

After complet 3 reduction, the flow of reducing gas 

was stopped and the system was again flused with inert gas 

» ■ ^ 

to remove all other gases inside it and then only the redu- 
ced pellet was ta,ken out slowly .''gMin to avoid thermal cra- 
cking. 
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CMPT-]R III 
"i S TJ L T R 

"Sxperirjent.'^l rer"!!ltp con?'--ist of 

Fro.etioial reduction time data^ and 

Auxili^'ry rePsur'.'mentR puch as ; 

- annlysip of exit grs during reduction as well as 
bliink experiments 

- C'-rbon deposition on pellets 

- size changes in pellets on reduction 

- variation of toraperature with time at the pellet 
centre during reduction as well a,s in blank exper- 
iment, 

Sxporimentval results can be conveniently discussed under 
the following heads : 

Presentation of results 
Accuracy of Measurements and 

Reproducibility and Reliability of Measurements. 

III.l Presentati on of Re sults 

There were altogether 30 reliable experiments. 
Table 131,1 suramerises the experimental conditions. It also 
shows the various measurements that were conducted and some 
experimentally determined characteristic data which do not 
depend on time. 

Appendix A. I presents fractional reduction data 
at various times from the begining of experiment, gas ana- 
lysis data and other observations separately for each exp- 
eriment. 
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Pew Notes About Tnble III«1 

i } 

1. Carbon on pellet should be little less than wh" t shown 

in the table. Thif" is due to the font tha.t CH^^ wr s passed 
for a while even after the reduction stopped in order to 

ensure the completion of reduction, 

2, In'g.as analysis’ Il 2 ^y^lalises that chromatographic 
gas analysis, which employ 3d nitrogen as carrier gas, was 
done, 

5., Experiments no. 13 and 20 were deliberately stopped 
before the values were atta.ined. 

4. In the experiments no, 11, 25 and 26 carbon deposited 
in the core of the pellet was separately mea.sured, 

5. Sign’ -'means MI^LSUREMBETS EOT DONE”. 




w 
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As table III.l shows, 

th'o 

variations 

in 

experimental 

conditions nay be summarize 

d 1 1 i 

^ : 



Pellet Feight 

* 

0.875 gm 

- 

4.258 gtn 

Pellet Pia-etcr 

9 

0.758 on 

- 

1.266 cm 

Fractiona.1 Porosity 

• 

0.000 

- 

0.346 

Temperature 

« 

« 

800°C 


1025°C 

Gas Flowrate 

# 

0.75 

- 

2.78 cc(STP)/ 
sec. for Methane 



7.65 

- 

18.24 cc(STP)/ 
sec. for Hydrogen 

Flushing gas flow rate 

# 

8 cc(STP)/ 

sec 

. (approx. ) 


Though different parnmot like pellet size, pollot 
porosity and nothano flow rnto h-wo varied within a certain 
range as a.bove , pellets >;ith approxina.te dianeters of 0.9cra. 
and 1.2cm. have been termed as normal size and big size pe- 
llets respectively. Similarly, pellets with approximate fr- 
actional porosity of 0.3 and 0.05 have been termed as porous 
and dense pellets respectively. Methane flowrate of shout 
0,75cc(STP)/Bec. and 2.8cc(STP)/sec. have been taken as low 

and high flow rate rospoctivoly. 

Fractional reduction vs. time data were not collected 
for all the experiments since some experiments were conduc- 
ted for other purposes. For example, experiment nos. 24 and 
25 were carried out under conditions identical to experiment 
no; 21. But in experiment nos. 24 and 25 the purpose was to 
determine the extent of carbon deposition on pellet at lower 
percentages of reduction. 
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Pmctional reduction vs. tine plots aro shown ir figs. 

111.1 and III. 2, Variation of exit gas(i.e. nethane and hy- 
drogen) conposition with time are prosontod in figs. III. 3 
and 111,44 Quantities of carbon deposited expressed in gms 
as well as*‘percontagG of reduced pellet (i.o. iron) weight 
at different te'mper' tunes as shewn In fig, III. 5« 

1 11. 2 Accuracy of Measurer-entr 

(a) The error in temperature noasurenont and 
control ; +4°C ^approx, ) 

M' Inlet gas purity ; Methane was 98.5/„ pure 

as analysed by gas chr- 
omatograph. Rost was 
hydrogon a,nd soraetimos, 
trace amount of oir. 

Others wore cylinder 
ga.ses. There were hardly 
an^ other impurities in 
those gases because they 
were freed of oxygen, mo- 
isture and carbon dioxide 
in the gas train before 
intorduetion into the 
thermograviraetic apparatus. 

(•) Flow rate measurenent: As mentioned in ch.II, 

the flow rates were nea- 
aurod by capillary flow 
moters vrhich were exten- 
sively calibrated by the 
wet-test raetor. The error 
involved was pbout+2 . 

(dl Weight loss measureme- 
nt by spring : The spring calibration 

was quite reproducible. 

Pig. Ill, 6 shows a typ- 
ical calibration curve 
for the spring using 
calibrated standard we- 
ights, The sensitivity 
of the spring was esti- 
mated as one milligram. 
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VARIATION OF MOLE FRACTION OF H2 IN 
EXIT GAS WITH TIME AT DIFFERENT 
TEMPERATURES. 


CARBON DEPOSITED. AS Vo OF REDUCED PELLET 
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S. 111.5 - CARBON DEPOSITION ON PELLETS AT DIFFERENT 
TEMPERATURES. j. 


WEIGHT OF CARBON DEPOSITED, gm x 10 



« « 



WEiGHT, mg 


FIG. m.6- TYPICAL SPRING CALIBRATION CURVE. 
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(e) Chronato graphic gas 

analysis : i'’ j'.er tioricd in chapter II, 

the chroina to graph was fre- 
calibrated using 
pure gases. Hydrogen, nitro- 
gen, and argron wore conveni- 
ently used as carrier gases 
in the gas chromatograph wh- 
ile analysing the exit gases 
during th.. r.:; duction experi- 
ments. For first fow experi- 
nonts nitrogen was used as 
carrier ga,a. But the peaks 
of argon which was need as 
flU3^:ing gas in the reduct- 
ion furnace wero appearing 
at the position where carbon 
monoxide was supposed to co- 
ne. To avoid these argon pe- 
aks, argon was s im.u 1 1 an e ous ly 
used as carrier gas in the 
chromatograph. But the prob- 
lem with argon as carrier gas 
was its feeble response to 
detect CO 2 gas. Hydrogen was 
used as carrier gps when car- 
b''n dioxide detetion was omp- 
hnsie.ed. Three chromatograph- 
ic traces obtained by using 
the above three carrier gases 
are reproduced in fig. III. 7. 
The volume of the gas sample 
injected, attenuation and 
identification of the peaks 
have been indicated in each 
chroma tograjn. 

The error in gas analysis 
arises from the error in sam- 
ple volume, inherent error 
of the chromatograph and rec- 
■ order. Moreover, some .errors, 
ere into ' the measurement 
'Of peak areas. The overall 
error may be approximately 
taken as 6 “ 8 % 

values. 
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ITR06EN CARRIER GAS ARGON CARRIER GAS HYDROGEN CARRIER GAS 
EXPERIMENT No. 15 EXPERIMENT No. U EXPERIMENT No. 17 


FIG. III.7- CHROMATOGRPHIC TRACES 


C02x1 
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(f) CfTbon ^oterniinntion 

on oollc?t : The doterninotion of carbon ' 

^ by passin<^. oxyiT'en in the fu- 

rnace on'-'f ‘'.b^orntion of res- 
ulting corbcn dioxide by 
’Indicarb’ nos found to be 
unreliable for a variety of 
reavsonv? i:icluding suspected ^ 
moisture nick up by^Indicarb 
during the process , sma,ll we- 
ight changOvS as compared to 
the- weight of the Indicarb 
column, 'inability to oxidise 
carbon which penetrates ins- 
ide the pellet etc. There 
were problems in determining 
carbon deposited on apparat- 
us because some carbon depo- 
sition ti';ok place in the coo- 
ler temperature zone due to 
carry over by the gas. ^ This 
carbon could not at all be 
converted into carbon dioxide. 
Therefore these data have 
been re looted and sire not 
roporten here. 

The data report-od here were 
collected by using the sta- 
ndard apparatus for determ- 
’ ination of carbon in steel 

and cast iron. This apparat- 
us had earli er been extens- 
ively calibrsitod for steel 
and cast samples by 

RaJia. Devi ^ ^ .The accuracy 
may be taken as within +5 i, 
of the value. 

(g) Measurement of dia- 
meter of pvollet : Since the pellets were not 

exactly spherical, diameters 
were measured in various 
directions and averages were 
taken. The volume of a pell- 
et was calculated from the 
coverage diameter data. The 
error in estimation of vol- 
ume and porosity may be ta- 
ken within +3 • 



39 


I' II. 3 K'::pr Df’iucibility anif .Reliability of Men. rur e n'ents 

Ropro^u cilji lity cf n.'''P'areri!onta was tested for 
hydroyon redijction of rt.'r’-ra'=i y;oll-;t ‘''t 800°C as shown in fig. 
I II. 8 .--nd nethano r.^^uction ~f ’'orous nellot at 950^0 and 
1025''^C as shox^n in firs. II 1. 9 and III. 10. 


xsP. can be seen fron the figures, reproducibil- 
ity of therpogravinetric nonsuropents for both hydrogen and 

nethano have been fairly go..id. The alight discrepancies could 

pellet to 

be duo to sr;"‘ll differences in sizes and porosities from pel- 
let. However, this could not be stated with certainty. 

Basu and Ghosh^^^^ detorninerl fr.o,ctionnl reduc- 


tion vs, tine for porous and dense pellets of ferric oxide 
in hydrogen at 800°C. Pig. III. 8 conpores the data, of the 
present investigation with those reported by Bnsu^ ^ for 
pellets of conparr-ible porosities. It na.y be noted that the 
agroenent is good. Since the data of Basu and Ghosh had agr- 
eed well with those of Hekowan^^®^ for dense pellets, it may 
be concluded that the thernogravinetric set-up for the pres- 
ent investigation is quite reliable. 

Reproducibility data of chroma ta£.raphic gas 

analysis is presented in figs. III. 3 and III. 4. 



FRACTIONAL REDUCTION (F) 
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FIG. in.8 - FRACTIONAL REDUCTION vs TIME PLOTS FOR 
REDUCTION WITH Ha AT 800 ®C. 




FRACTIONAL REDUCTION (F) 
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TIME (t). s 

FIG. ni.9- REPR0DUCI9ILITY QF F vs t CURVES FOR 

REDUCTION WITH pH* AT HIGH FLOW RATE. 



FRACTIONAL REDUCTION (F) 
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FIG. iin.lO- REPRODUCIBILITY OF F vs t CURVES FOR 
! REDUCTION WITH CH4 AT LOW FLOW RATE. 


j 
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CEAP^BF IV 
DISCUS SI or OF RESULTS 


A number of chemical reactions are expected to take 
place inside the furnace. These can be conveniently divided 
into the following throe cate,,. o-r’i^.s 


(i) Decomposition of methane into carbon and 
hydrogen ; 

CH^^g) = C (s) + 2H2(g) IV. 1 

(li) Reduction of iron oxide by hydrogen, carbon and 
carbon monoxide s 

[0] + H2(g) = H^O (g) IV,2 

[0] + C (s) ^ CO (g) IV. 5 

[0] + C0(g) = CO 2 (g) IV. 4 


Here [O] denotes oxygen of iron oxide. 


Auxiliary reactions : 




H20(g) + C0(g) 

H 2 (g) + 

CO 2 (g) 

\ 

H20(g) + C 

(^) = 

H 2 (g) + 

CO (g) 

. .IV. 5 

C02(g) + G 

(s) = 

2C0(g) 



3Fe(s) + C 

(s) = 

Fe^C(s) 

mmmmmm 



IV. I Decomposition of Methane 

It can take place either on the pellet or in 
other pt:rts of the apparatus (principally Mullite furnace 
tube). 



Figs. III. 3 and III. 4 compare the variation of 
composition (jL.e. methane and hydrogen) of exit gas as 


\ 
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a function of timo for various temperatures (875°C, 950^0 and 
1025°C) with methane flow roto at about: 2.8cc. (ST?)/sec. Pe- 
llets of normal sizes (0.9cm. approx.) wore used for reduct- 
ion. These results have further been compared with the resul- 
ts of a few blank experiments where methane was passed under 
conditions identical to that of the original 'experiments but 
without using any pellet. 

Pigs. III. 3 and III. 4 reveal that both the concentrati- 
ons of methane and hydrogen were very low at the begining and 
tended to become ste.ody os the r '".action proceeded. This_ is pr- 
esumably due to the delay in fl\i'?hing out the inert gas from 
the furnace chamber. Initially the furnace chamber was full 
of inert gas. As flow of CH^ was started, the concentration 
of CH^ as well as that of E2 resulting from the cracking of 
CH4 started to increase. Prom the figures, it may be noted th- 
at it took 500 to 1000 seconds for the gas to attain steady 
state composition at 2.8cci (STP)/sec. nominal flow ra.te of me- 
thane. The time to attain steady state gas composition was lo- 
wer at higher temperature presumably due to the lower gas den- 
sity at higher temperature. 

Pigs. III. 3 and III. 4 further show that at 950*^0 the 
concentrations of methane in blank as well as in experiments 
with ferric oxide pellets are fairly close. The hydrogen conc- 
entrations, however, show ■='om'e variation. At 1025°C, both met- 
hane and hydrogen concentrations in the blank are higher than 
those in experiments with pellets. At 875°C, the methane conc- 
entration in the blank experiment was found to be lower than 
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those when ferric oxide pellet wps present. Roliablo date, for 
comparison purposens T.’-.jr ■; not avi^il-'ble under other conditions. 
Anyway, it is clear fram those re'^ults that there were subst- 
antial decomposition of rr ethane even in the absence of the fe- 
rric oxide pellet. The lower concentration of hydrogen and me- 
thane with pellet at 1025^0 can be reasonablj* (ixplained by the 
presence of another g''a (possibly carbon monoxide) which was 
detected by gas chromatograph. The somewhat lower hydrogen co- 
ncentration in experiments with pellet at 950^0 can not be 
expla.inod off hand. However, it should be noted here that hy- 
drogen analysis, in general, is expected to show more scatter 
than those encountered for other gases. Qualitatively speaki- 
ng, these variations can be by and large attributed to minor 
▼■ariations in experimental conditions and perhaps some analy- 
tical errors. 

All the above obS''.^rva,tions can be .oummod up by saying 
that the presence or absence of pellet did not alter the ext- 
ent of decomposition of methane significantly. In other words, 
raethaxie was decomposing mostly on the Mullite tube. This con- 
clusion Is corroborated by th*i f.-ct that the -amount of carbon 
deposited on the pellet was hardly few percent of the total 
carbon formed. For exaro.ple, for experiment no. 21, total carbon 
deposited is estim.atGd as approximately 0.5gm, whereas the am- 
ount of carbon deposited on pellet was only 0.028gm(a.e. vZ of 
the total amount). Further evidences have been obtained by co- 
mparing the steady state gas composition during reduction of 
normal and big size pellet as well '-.g of porous and dense pellet. 
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Ropultp shov' thf..>,t tho stop.dy ptate gas cociposition in each 
of the above cases is approximately same. 

Theor.'tically the 'ibove observation can be justified 
by the fact thst tho surface area of the Mullite tube vae 
larger than thfit of the pellet by 2 or^^ ors of magnitude. Met- 
allic iron is likely t5 hove some c^'talytic effect on decom- 
position of mrthano ^ . Ho’rever, the ■surface area, effect 
se>jns to b'.; tho p.r edominsting one. 

Pr‘.!e on jrgy of forna.tion of netharirj from Crorbon and 
hydrog..'n "ro 43.796 KJ/mole at 950*^0 o,nd 52.156 KJ/mole at 
1025 . Squilibrium calculations at + Pch^ ~ ^ 

rovo.als very pmall(pj^xT ).oquilibrium which are 0.014atm. 

atm. and 0.006 atm. o.t 950°C and 1025°C respectively. There- 
fore, it can be conclud ■■3':^ by comparing (Pqt-t ^ \ 3 quilibrium 

(p„„ ) ^ , obtained from fig. IV. 5 that the decomposition 

actuol 

of methane in the furnace tube did not reach thornodynamic 
equilibrium at 950°0 ?^nd 1025°C. 

XV . 2 Reduction Of Iron Oxide - Overall Considerations 
Pig. IV. 1 compares fractional reduction (P) vs. 
time (t) curves for reduction by hydrogen with that by metha- 
ne at 950°C (experiment no. 4 and no. 14 respectively) for poro- 
us pellets. The rates of reduction (expressed as Aq) were 
0.066 X 10“'^ and 0.014 x 10“^ g. atom oxygen/sec. respectively 
at P = 0.7. Therefore, the rate with hydrogen was about 4.5 
times more than that with methane. Conclusions would he simi- 
lar at other values of P. Similar observations were made by 

Misra^-^ . 
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Therefore the question th'^'t ne ;dp to be osked is- why 

is the reduction with uethane so slow ? In order to answer 

this questi.in wo here to tentatively assume n. mechanism of 

reduction. Tho mechonism being r-s^umod is the decomposition 

of rn-'th.ane into carbon and hydrogen followed by the reduction 

of ferric oxide by hydrogen. Direct reduction of methane with 

oxide is ruled out as it would be too complex a rea.ction to 

take place in one step. Therefore, decorr position of methane 

is assur.'-:;:! to take place first. As hydrogen is six times fa- 

( 20 21 ) 

ster reluctant compared to carbon monoxide^ * ‘ and even 

( 22 ) 

fasti‘.'r compantid to carbon^ therefore hydrogen is likely 

to be the primary reductant. The resultant H^O may undergo 
one or more auxiliary reaction ns given by equation IV. 5. 

With the help of the a;.bovo mechanism let us try to explain 
why reduction by methane is so much slower. 

There. two poesibilities -to explain the, above 

(i) Blockage of cores by carbon deposited on the 


pellet : 


It has been seen that the maximum carbon deposition is 
about 3 percent of the weight of the reduced metal, mostly 
much less. In porous pellets-, base porosity has been approx- 
Imat ely 0 . 3 • 


Porosity after reduction = 1 — (1— e). 

= 0*67 


fV 

B 




5.26 

7,8 


.IV. 6 


As a first approximation we can ignore the porosity 
developed during reduction, since its nature is complicated 
due to the presence of nicro-or macro-porosity or due to the 
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phenonen^jn like swelling or shrinkfige . In case, weight 

of the reduced iron per unit volume .)f the reduced pellet = 

5.26 X m X e = l.lOgra. 

Considering naxirrruin c''rh )n dsn 'Sition tjf 3/ of the wei- 
ght of the reduced nellet, 

the weight of the cer'Hon de‘-'csited = 1.10 x 0.03 =0.033gm. 

Assuming density of cerDi..n formed to be Igm/cc, the max- 
imum volume -jf carbon deposited becomes equel to 0.033 cc. 

This neons that at the most 3/ pore blcck-^go takes place. This 
is too insignificant to explain so much lowering of reduction 
rate with as compered to that with H2. However, it mo,y be 
affecting in a minc.r way. To illustrate this, let us consider 
tho exneriment no. 18 whore netha.no was passed for some time 
and then it wa.s switched over to hydorgen. As obta.inod from 
fig.IV.l, tho reduction rate (h^) with hydr- gen in this case 
at F = 0.7 was 0.052 x 10~^ g, atom/sec. It is little lower 
than that obtained by using hydrogen all through but still 3.5 
times higher than the rate of reduction by methane. This is a 
further confirmation that the pore blockage by deposited car- 
bon does not explain so much difference in rate of reduction 
■by hydrogen and methane. 

(ii) Reag'ent starvation effect in Tiiothane : 

Fig. IV. 2 compares F vs, t behaviour for porous 
pellet reduction at 950°C at two different flow rates of me- 
thane (0.75 cc(STP)/sec. and 2.77 cc(STP)/sec. ) . It may be 
noted that the reduction rate is higher at hig:her flow rate,. 
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FI6 IV.2- EFFECT OF TIME AND GAS FLOW RATE 
ON FRACTIONAL REDUCTION. ; , 
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fl^ v rnto of 18,24 cc (STP)/pec. pnd methane 
flow rate of i.o. 9.12 cc(S'TF)/sec. would b ;• stoichi- 

onetrically equivalent. In preaont inveatifaticn , the methane 
fl!:.w rr';ti, f r n^at of the experinenta waa about 2.8 cc(STP)/ 
p.'ic. 'Xhia ia far lower as coro'^aT^ed t-.' the staichiome'tric ©q.~ 
uivalent rate (9.12 cc (3XP)/sec , ) . hut how much increase in 
rv.'clucti.':n rate with incro'^so in fl w r^'to of methane will oc- 
cur is -^n iruvjrtrint cuestivn. 

(23 24) 

-Sxaerimcnts and calculations by invest! y? tors ' on 

hyr),ro£:en rciducti-on of ir^n ore showed Cvonclusively that the 
rate hoc ;riec nlnt.-st independent of flow rat:, above the' mini- 
mum critical flow rate'. Minimum critical fl'->w rate is deci- 
ded by the ' rea^;;ent starvation effect' which happens when .an 
appreciable build up of product yas (i.e. HgO) takes place 


inside the furnace. 

Morv:Jver, as figs. III. 3, and III. 4 show, the concentr- 
,ati.,n of methane and hydr:.gen were low to st<a„rt with o.nd bus* 
ilt up to a steady value in appr'jxim.at ely 500 - 1000 seconds 
with 2.8 cc(STP)/soc. methane flow rate due to slow flushing 
of inert gas.Thoref ore , there is o. likelihood of reagent st- 
arvation in the initial aeriod. To study this reagent starv- 

atiun phonoron .n (PH^o/PH^botual 

ulated n't different time? and then corannred with (Ph20^^H2^ 

equilibria' ' (ra^o/PHg bquillbriun = %e-H 

K the equilibriuni censtant for the reaction : 

F 8— H 

Po 0 (s) + Hp (g) = xPe(s) + H 2 O (g) 

X 


.17.8. ' 



52 


C-'lcul-".ticn !r)C'r'’i3r3 tc (pjj q/Fw ^-ctual 

p’rosont;- in t'.rpoiirlix ii.II. T:'^1 d1g IV. 1 presents vn.lues of 

(t'tt n/'^T- )- ' ^ T cliff aront times at various temperatures 

112^.^ * < * c “ch ,l 

''ncl fl.v r-+.or, an!^ comairis.jn of these with (pg. q/Pjj ^equil- 


ibrium 


(19 25 

'iptr’ined fr^m literature^ 


'■''■iculations cf (og q/I'tj ^nctual unreliable for the 

initial y'.'r?.'’cls as the results are very much sensitive to any 
rain.-.r error involved in the ga.s analysis. HoTArever, those are 
more reliable at lato-r periods. By and largOj v.alues of (pj^ q/ 
^actual with increasing time. Pig. IV, 3 reveals 

that 


^% 20 '^^H 2 ^o.ctual ^equilibrium 


at 1025 C 


and 950 C , and 




nd 800 '^C. 


The abcive calculations show tho.t there should nc^t be 
much of " reduction t^j the metallic iron st"ge at S75''^C and 
800'^C. Ho-^ever, it was possible to .-ichiove a reduction of ab- 
out 98 percent at 875^0 in experiment nos. 12 and 16. This 
conclusively proves that the reducti m at 875'^C went to the 
metallic iron stage. Therefore, the ratio 

must have been lower than the calculated values. Moreover, the 
H 2 O concentration was suanosed to be less due to the auxilli- 
sry rea.ctions accord.ing to equation IV. 5. Hence the above ca- 
lculations are expected tc .yield H 2 O concentrat ion on the hi- 
gher side, i.e. higher (pjj' q/Fjj^ than what it really 
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AT DIFFERENT TEMPERATURES. 
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iuli h'-vo b'.;;3n. Thuar.-'f iro , boyonc! thj initi'xl r^ri.-'rl, eBiTeci- 
■■’lly nt 950''C ^nd 1025^0, si^.nificrnt rnf-'^s-ent stnrvntion is 
n;-'t .jx^ected . So one con voo.fely conclude th^t with higher laet- 
hcno flow rote, no such dro.stic chrnoe of reduction r-te would 
bo observed. On the centr^ry, “^s discussed Inter in section 
IV. 11, with to;,. hi^h flow rrto of r.othane, re'''’uction rate may 
be rut'^rded. 

IV. 3 Ann lysis of St- oedy Stnto Re^'ion 

As nlreedy discussed in secti'n IV. 2, stondy stnte re- 
gion XC3. s the one where reduction rate ns x\t 11 as -'^xit methane 
and hydri.,gon gas composition remained almost constant. Prom 
figs. III.l and III. 2 it can be seen that this region started 
after approximately 500 sec mds to 1000 seconds and extended 
almost to the end of the reductic-n with 2.8 cc (STP)/sec. fl- 
ow rate of methane. With 0.75 cc (STP)/sec. flow rate of met- 
hane this time was o'^pr oximately 800 seconds to 2000 seconds. 
Moreover, there was no significant reagent starvation in this 
region especially at 950'’c and 1025^0. So this region can be 
well employed f'Or further analysis, 

I V . 3 . 1 Dependence of rcO.te on p^- : 

As has been stated earlier in section IV, 2, 
hydrogen generated by cracking of methane has been assumed 
as the primary reductant. Recalling the hydrogen reduction 
reaction i.e. equati'''n IV. 2 

H2(^) + [0] = V (g), 

it can be stated that the rate of reduction is proportional 
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t>( C 


I"L 


K 


). '^ut C itself is to rate ‘Of 

irirN vJ 


rcrlucti ,n« Honce, .f re^ucti n r^r o‘:'ortional Ctj • 

This noons rate is r.-ro' a.rtii nal to xv^hen ten -'Ornture is 
token constant. Pi^’. IV. 4 sh n^s denendenoe of rate (i.e. iIq) 
on p^j ( in exit one ) ¥hen F = 0.7. This fir. IV. 4 refers 
t exporinent nc.vS. 4,14 and 19 which xj^roro c^'.indnc ted with po- 


rous aellots at 950' u. Hers, 


-’H, 


( in exit r-'s ) has been 


taken as p„ ( before the reaction ). But, this is not a co- 
meet appro.uch as it has been estinated that a-;^x^roxiraately 
20/ to 30/ of the hydri'^'on, forraed by methane crackinja:, was 
consumed ’"sy the reaction expressed 'xy the equa.ti ;n IV, 2, But 
nevertheless, as this is ^ common aspect of the experiments 
which are bein^t considered, for conrxarison purnosa, previous 
simplif icati-n can be d me withoit committiny much error. 
Moreover, it is n ..t possible to /rt.-in the value before 

the reaction, ¥ith this ppproximatitn a linear dependence cf 


rate with 




has been obtained in fiy. IV. 4 which proves th- 


at the rate of reducti m is proportional to This is in 


conformity with the mechanism postulated. 


IV. 3. 2 Temperature dependence of reduction rate : 


IV. 3. 2.1 


Consideration of overa,ll reaction; 


7 

Figs. IV. 5 and IV. 6 present lo^, (iIq x 10 ) 

vs, ^ X 10^ plot to show temperature dependence of reduction 
^ apparent 

rate. From .the slope of this plot , ^activation energy of the 

reduction reaction is obtained. Fig. IV. 5 presents the plot 

for F = 0.2 with lower methane flow rate (i.e. 0,75 fc/sec.) 



RATE OF OXYGEN REMOVAL (n©) , 
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REMOVAL . 


I 

5 



tog (OoXlO ) 


REOUCIMG GAS : CH 4 

PELLET SIZE : NORMAL C<s£0.S cm) 

POROSITY ; 0.3 (APPROX) 

GAS FLOW RATS : 2.8 cc (STPI/sec (APPROX) 


E“1057 KJ/g.mole 



O F s 0.2 

A F = 0.7 

D F = 0.7 


E 2 220.2 KJ/g:molc 


200.7 KJ/ 


8.5 9.0 

(i xlO^} ®K ^ 


tog (CHjxlO ) 
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wharoPR fir.iy,6 ’'•res ••.■n dp tlie pi 't? for F = 0.2 nnd F = 0.7 

hi('"h.)r flo/.-; r^-te wf vo.vthanp (i.o. 2.8 cc/sec.). From 
oppart-mt 

fi.'T. IV. 5 » .''ctiv; ti'.n cnorry vplue w?s obto.inort ap 206.6 KJ/ 

f.molo in tl; c tcr'‘''or'’turo rango of 800*^0 - 9?0'C with lower 

apparent 

flow r-.t.j "^f ’noth-^ne. With hi.- her flow I’ote (fip,IV.6) ,acti- 

A 

vati'.. n .'n-.'.riy at both F = 0.2 and F = 0.7 wfis obtained as 
105.7 B:J/f.m,jle in the temperature ra.nge of 950°C - 1025'^0. 
It was 200.7 Kj/pr.raclo in the temperature r^n; e of 800^0 - 
950‘''’C .at F = 0.2 and 220. 2KJ/i--. mole in the tem-’ierature ran£,:e 
875°C - 950''^C at F = 0.7. This sort of nature raieht b.- due 
to different rate controllin/r steps at different tenrorature 


rnnp'es, 

Pif",IV.6 als ) sh’. '■'■oci +h ) variaticjn of exit rae H 2 conc- 
entration with temper atur'w as lop: vs. ^ x 10^ plot at F= 

2 rj 

0.7. Experimental co-nditiiais for Ic-C (Aq x 10 ) a.nd log (0^^ x 
lo"^) vs. z 10 ^ olot wore exa.ctlt same which would >’e helpful 
for comparisem purpose. These two curves ' ro almost parallel. 
Followinr this observation, varirti^. n of rate of reduction 
with teT!'''''orature c^n Id'J greatly attributed to variati^jn of 
concentrat i^jn of H 2 with t 8 in''iera.ture. It can also be conclud- 
ed that the decorapositi>.n of CH^(eqn.IV.l) is controlling the 
overa,ll rate largely. 


IV. 5 . 2. 2 Consider'-^tion of redu c tion re ac tion : 

Let us now consider xhe reacti -n which follows 
the decomposition of CH^ according to the postulated mechanism. 
This is the reaction expressed by the oquati'on IV. 2 as, 
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H2 (£-') 



+ [0] = H2O 



(t-;) 

c 




K. 


^ 1 ' SI 2 O 

Pt-t 

k-, . __f2 

RT ■ 

At P. = 1 p.tm. , p = X,, 

2 “2 



Table 17,2 presente the vp.liies 
for purous pellet reductirn at 


IV. 9 


proportiom-l to 




Xp 

lip 

^1 '^''■-■ 0,7 
diff erent temper^ turea. 


To. ble 17 .2 

'Calculations of at dlff'etent temperatures . 


T, 

P 

h^, g,atom;4ec. 



^H2 

Ijrj },g.mole/GC 

k^ , cc/sec. 

1298 

0.7 

0.259 x lO”"^ 

cl 

0.42 

^ 

3.9 

X 10"^ 

6,63 

1223 

0.7 

0.138 X 10"“^ 

0.28 

2.7 

X 10"^ 

5.13 

1148 

0.7 

0,033 X 10“'^" 

0.07 

0.7 

X 10“^ 

4.67 


Fig. 17. 7 shows the plot of. log vs. x lO'^ from which app 
arent activation energy for the e-puation 17.9 was obtained as 
45.0 KJ/g.mole in the temperature range of 950°C - 1025°C and 
15.3 KJ/g.mole in the temperature range of 875'^C - 950°C. 



log ki 
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Fte. IV.7 - log ki vs 


1/T PLOT AT HIGH FLOW RATE . 


\ 

\ 
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^ Mature of F v r , t C urve- e 

In c-'r.: of r„^riucf ion of Fe^O^ by ouro H 2 F vs. t cur- 
voR "ob Rte'''’ilyy vrheroos^ with CH^ as reductnnt , these 

curves hove- shown 0 ronroducible tenf^omey of steady reducti- 
on rsto F'.r.otines "ftcr reduction starts, os h^s been told 
enrli’.ii' "‘ii; .F'.l) . Ihis steady roto zone has onpeared at all 
the r.-oiuctiun toi',:M’:'r‘'tures and with * oth hiah and low flow 
rate of moth^^no. This constancy of thvo reduction rate for an 
aT’j.'r'Ociablo period '■"'oes not seem to be due to ’reaprent star- 
vation’ effc^ct OB discussed oarlior. 

IV, 5 Carbon Do nosition on Pollets 

Fif.III.5 shows the r'ercontaee as xfell as total amount 
of carbon deaopiticn on -^ollet as a function of temperature. 
From the fiyure, it is obvious that the amount of carbon de- 

c(ro^ rn 

position droTis with temperature as was exaected. In this co- 

A 

nnection, it should be noted that the c'^rbon do-p^osition data 
at 800°0 corresponded to F 0.23 whereas F was approxima tely 
1.0 at bo bh 950°0 and 1025°C. However, the nature of the gra- 
ph would ha’^e not changed much had the reduction at 800°C 
been extended unto F 1.0, This is due to insignificant cra- 
cking of CH^ at 800°C. Few experiments were carried out to 
measure the amount of carbon which had penotrated to the core 
of the pellet. Table III.l shows that there were good penetr- 
ation of the carbon to the core, e spvjcically at higher temper- 
atures like 1025°C. 
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IT. 6 Ch'''r! .'~c o l* ■Tonr or'^tur e insifle Pallut 'Tarin£-' .Refluction 

3. r:(.' .‘X’'''3ri:''entp (no. 27 no. 28) ^’■c•■re c^irried out 
to r-'.-cor'^ th.) c'h.:''ni.'''f3 in tonuer-'; tune tho'i. (,cour inside the 
f'^rric v'i ■ ? -ollot dnpixij' it^ reduction. 'The firRt exuerim— 
ont vrop crri '-d out hy '-rrie'-^dinf o chroml-olurnol thercouple 
in th : C'..’ntro rf ^ ''‘illet hovin^r p. fnoctionril ’voropity of 
0.12. The ch''‘n 'e in t .or.-- orr' tune '^urinf the reduction of the 
T'Ollet ot 950*^0 by CH, -'.'rith o. flow rote of .'■'Tjoroxinotely 2.8 
cc (sir) /p^..‘C . WOP nensurod at a rorular interval. The decrease 
in the t .-ni:- or''ture wont to the extent of 30 '"^C in 1900 seconds 
with pomo into'rreflir-t;' flu<^*.tunti-'in ■>:‘rosunahly due to severe 
nollot crpckirif'. Tho pocend oxrterirv;.-nt was run as .a blank one 
(i.e, without any ■> -.'ll'^t) to take care of the chanye of tem- 


Dc-rature duo t.) -h e -V'-c sition of methane within the furnace. 
Thouyh d.3C')TTi'. psit.i on of methane is an ondothornic reaction^^^^ 
this ex- ■■)-.f:’iront sur'orisinyly recorded "-n increase in tempera- 
ture of ' '• ..ut 9°C in an’-^rt xina.toly equiva.lent tine. This nay 
he duo to r''iffGrence in heat capacity of methane from that of 
aryon which was used as the flushiny yaa in both the experim- 
ents. This aryumont is justified by the torap-erature increase 
of approximately 6°C VT-hen a.ryon was ayain switched on to rep- 


lace methane. 

So from the above discussion it is clear that a substa- 
ntial temaeraturo drOj. takes place inside the pellet duriny 
the reduction. This is due to the endothermic nature of the 
reactions. Heats of reactions are as follows^^^\ 
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Pe^,0^(s) + 5H2(f-) = 2Fe(s) + 5H2O (f), a H° = +58.6 

KJ/in-'l.? IV. 11 

CH, (r) = C (s) + SHpCr), == + 91.3 KJ/mole 17.12 

J'.B rrLijth''^n. 7 f oc'jr; t, 8 -;f on tho Mullit.e furnaco tu— 

bci purf' co, tho on'l',;therrac rencti.-n IV. ll is Inr^.oly respo- 
nsi!.'lo for the tt ,r’ ■''•or^- turo ir insic^e tho pellet. 

I V . 7 Vc; lnn...' Changes in Pollet u n on Re u c t i c n 

T.-" ,1;- IV. 3 rreaontR the overall picture reys.rciing vol— 

1^13 choT.'oP in rellet u’'on rec’uction. .Prom this table it is 
clear that tho ref.uction lAi-ith H2 caused a rlocrease in volume 
whoroas roductivin with CH^ always incroo-sed the volume of the 
pollot, except at 1025'"’c. It is well-known tha.t carbon depo- 
sition causes swollinr of pellets during reduction. On the 
other hand sint •>riny effect causes rcductipn in volume. In 
general, changes in volure of -ellet ua(.n reduction are cau- 
sed by dynamic balance af various phenomena.. Therefore no 
explanntjon could bo attempted further, 

IV, 8 Comnariso;i of Reduction of Dense aind Porous Pellets 
Fi^ s . IV. 8 and IV, 9 present the riots of fiQ vs. P to 
compare the reduction boha-viour of dense and porous pellets 
at both . low and high flow rate of CH^ respectively . As may 
bo noted from th.e above mentioned figures ^ the rates of oxy- 
gen removal with dense pellet were more than those with porous 
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Table 

.17-3 

Size changes in 
upon reduction 

. pellet 

Relucin<g Sxrt.Fn. 

T cnp . , ^ 

'C e 

Cri':^inal Dio., 
of The Pell- 
et (d I, cm. 

Oia, of The 
Reduced I el- 
lei ( d'yt )j-cni . 

H 2 ■ 

.950 

0.346 

0.802 

0.707 

1 

f 

1 

1 

I 

i 

1 

1 

1 

t 

I 

I 

j 

I 

1 

f 

1 

1 

1 

1 

1 

1 

800 

0-067 

0.963 

0.898 

21 

- 1025 

0.337 

0.873 

0.869 

25 ( 9 ) 

1025 

0.303 

0.865 

0.840 

8 

950 

0.070 

0.959 

1.126 

H 

H 

0 

950 

0.238 

1.266 

1.426 

15 

950 

0.29S 

0.848 

0.937 

(ri) 

875 

0,336 

0.873 

0.900 

20 ( 9 ) 

800 

0.253 

0.838 

0.855 



— 





CH^+H^ 19 

950 

0.304 

0.876 

0.816 

CH^ »iie- 10 

wed ;),y Ho 

950 

0.251 

0.837 

0.841 

1 

(p) This experiment 

has not been 

included in the 

summary 

table III.l as the run i 

:^as int 

errupte 

d after a fractional re- 


duction(P) of 0.56. 

(9) These experiments were not carried upto F-xl, as had 
been done in other cases. Por experiment no. 25 and 20, P was 
0.72 and 0.25 respectively. 




FRACTIONAL .REDUCTION (F) 


3. IV.8-no vs F PLOT FOR DIFFERENT SIZE AND POROSITY 
AT LOW GAS FLOW RATE . 



REOUCiNG GAS : CH4 
TENPERATURE : 950 *C 


PELLET 


PELLET 


PELLET 


0.873 cm 
€ = 0.32t 

0 « 277 cc (STPJ/sec 
dos 0,939 cm 
§ = 0.046 

V s 2.84 cc (STP)/sec 
d«= 1.15 cm 
e a 0.14S 

^ a 2.77 cc (STP)/s«c 


0.2 0.3 0.4 0.5 0.6 0.7 

FRACTIONAL REDUCTION (F) 


FIG. IV.9 - no vs F PLOT FOR DIFFERENT SIZE AND 
POROSITY AT HIGH GAS FLOW RATE . 
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■o'llt.j'b i. ■. V ; iFsi; of "tliG 'tinos. 


n of .Rofuctic;n of Blf and FotppI Porous Pellets 


i i>‘ s. I . 8 rno IV. 9 ■nresent tho neo^r-oory riots of n 


■0 


Tv>. F f. ■'•’’bich 1 . tbe offoct of sizo of Tvollet on reduction 
rote -t th lou at hi,^-h floor rate of CH. Is obtained. The 
rc'^ucticn r-^to rame with the birr er pellet. 


IV. 10 iiote Contrullin, Sto]'' for Oxifl e Reduction 

It has oecn discussed before that the overall rea.ction 

1 • • 


C'H^|(r) + 2[0] - C (s) + 2Il20( ') IV. 13 

was t(* a larye extent c( ntrolled the CH, decomnosition ro- 
>.ction (equati.)n IV.l), Lot us now see what is the rate cont- 
rolling;' ste"'’ for the actua.l reduction reaction i.e, 

H2(.:0 + [0] = H 2 O (p) 

Various aossible kinetic sters for the reaction IV. 2 


are as follows ; 

(i) Inward diffusion of H 2 through the yas boundary 
layer around the oellot. 

(ii) Inward diffusion of H 2 through the pores of the 
pellet, 

(ill) Chemical reaction (equation IV. 2) at the iron/wu- 
stite interface. 

(iv) Outward diffusion of H 2 O through the pores of the 
e 


(v) Outward diffusion of H 2 O through the gas boundary 
layer a.round the pellet. 
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Linenrity of 1' t plots from Pv 0.3 to F-* 0.9 in all 
the cases indicates thab the rate is controlled by diffusion 
through the (*^s boundary layer. This constancy of rate ca,n 
not be attridutod to the reagent starvation effect which has 
been proved to absent especially at 950°0 and 1025°C, as 
shown -■’.n t-'’ble I/.l. Also, this constancy can not be expect- 
ed fro.'. ' r<;action controlled either by the pore diffusion 
or by tho' intorf aci.'';l cheraicsl reaction because in these two 
CJ^isop the nature of F vs. t curves would have been drooping. 

Pig. IV, 2 shows an increase in reduction rate with inc- 
rer'se in flow r^te. Apparently, this observation corroborat- 
es a rate’ control by diffusion through the gas film. But, in 
the exneriments on redi.iction by it has been found 

that the change in the flow ro,te a.ltnrs the reagent starvat- 
ion effect principally without affecting the mass transfer 
coefficient in the- gris boundary layer. Above the 'critical 
flow ra.te' the iv-te becomes insensitive to flow rate becau- 
se neither r.:'a{'ent starvation nor mass transfer coefficient 
is sid'!"--' ■£' bcontly -^ff acted by flow rate va.riation. Therefore, 
it would not be wise to make any conclusion about the rate 
controlling stop, based upon the effect of flow rate on the 
rate of reduction.- 

Pigs. IV. 8 and IVo9 show that at 950°C, the rates of 
reduction with the dense pellets were, in most of the times, 
higher than those with the porous p-)lletp of comparable size 
and at comparable flow rate of CH^. This is not to be expected 
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froT.': c "'r. troll cii ''nj r'iff-usion thro'ugh the pores^ 

bjcourj vitli ■;'or-:’af= pollots, a hi^'hor relucticr rate would 
hovo Vi',;' ' r ./jtr ir . 

Pi I'^.S and IV. 9 also corraro tho reduction ra.tes of 
polio tr ;f two d if f ;:'roi":t sizos in othorwise sinilar conditi- 
ons. In th- otoaPy atato ro^'ic-n at 950^0, it has been seen, 
xirith the resxilts from .experiment nos. 14 and 26, that is 
proportional to the diameter of th pellet This is po- 

ssibl"! if the pore diffusion was rrote controlling stop, Por 
the r'^to being controlled by diffusion ir the ga.s boundary 
layer, should b’ nroportion.al to d^,^ . This apparently 

contradicts wh' t have been discussed previously. However, it 
is to l)<.i note-’’ that the bigy ?r pellet in experiment no. 26 
did net h.^'ve tl-,; desired fractional porosity (e :0.5). It is 
likely tli’t '’Uw to its bigger sise, the loTo.or porosity affe- 
cted th ■ -'’• tv; to sons extent. The corroborative evidence co- 
mes fr.r the results of the experiment no. 11 where the big 
pellet had •: higher norusity compared to the big pellet of 
experiment no. 26 but the flow mte of CH^ was lower in the 
first case. The Ifxttor experiment showed an identical reduc- 
tion rate as shown by the former one though the latter one 
was carried out, at a higher flow rate. Therefore, it could 
be possible that if the pellet (experiment no. 26) whose data 
ho.vo boon shoxm in fir.IV.9 'Had higher poroaity it would ha- 
ve exhibited a higher reduction rate and therefore would ha,ve 
approached closer to what is expected for a re notion contro- 
lled by gas film diffusion. 
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uctirn v.'-f F 


Fron fir.Iir. 7 ^ '■mn.ront ^^ctiv'-tion :iror 7 -ios for red- 
2'- 3 '-'F ( '- 'iuo..ti-)r 17.2) beon obtsinod as 


45 K J// • n'’’ 15.3 j in the-, tenporoture rong'e of 

950 G — 1025 C ‘ r.d 875 C - 950 rospectiv^-ly. Apparent act— 
iv'‘ti 5n on.vri y i .^r diffusion in H 2 — H 2 O gris mixture has be- 
en '..>'^ti'""t ^ p 13.4 KJ/f[.’.mole ^ \ Ohio is ^'.nother proof th- 
at the ■*” • cti'''ri is oontrolloi by '^iffusi'n through gas boun- 
dary !■ ,v y, p''rticul'''rly louor tcr:peraturGs . Probability 
of cc;ntroliiiv by ir.terfacial chonical reaction at higbrr 
tomperature is unlikely because control by chemical reacti- 
on at higher ton])er'^ture and the control by diffusion throu- 
gh gas film at loa’-er temperature is net possible. Moreover, 


for the roactivin being controlled, by interfacial chemical 
reaction, P vs. t curves should b? drooping in na.ture which 
has not been observod. One possible .explanation for high a.p- 
poront activation energy at higher temperatures can be as 
follows. 

The gpas chase in the present system a multicom- 

ponent mixture consisting: of CH^,H 2 , H 2 O etc. As the tempe- 
rcsture increasos, the concentration of CH^ decreases and 
that of ¥-2 increas as appreciably. As the methane molecules 
are much heavier than the hydrogen molecules, the apparent 
interdiffusion coefficient for counterdiffusion of H 2 and 
H 2 O is expected to increase much more than in the simple H 2 - 
H 2 O gas mixture as the temperature is raised. This indicates 
the possibility of higher apparent activation energy even 
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thcn.if:h th r , luction is controllGd by diffiisi'.n through. go,s 
boun.'h'r,’' :‘,vor. Quo.ntito.tive .ietitTv^^tos coiild not bo presented 
boc''‘ur . th/, coEplicrti i cnlculeti.on procedure for diffusi- 
on in ’.lulticoriiponont gns mixture. 

So, in brief, it cnn be stated that the decomposition 
of CH^ which takes place mainly on the Mullite furnace tul e 
into C and H2 (equation no.IV.l) controls the OTerall rate 
nrimarily. However diffusi-.n through the gas film seems to 
control the '■ctu '^1 reduction roacti (equation no.IV.l), 

The ''hove intery:rotr tion is a, qualitative one. It do- 
es not soon to nossibli? to assert more positively. As such 
iron oxide ro''’uctic.>n is a complax phenomenon owing to various 
structur*"*! f'-ctors like porosity of the polle'i', , pore size, 
change of ■ /'Vg size with terapurature, size change of pellet 
on roducti'.-n, topochomicsl or non-tonochemical pattern of re- 
duction, presence of several phases during the progress of 
reduction etc, etc. Moreover, more than one rate controlling 
step have bec.'n encountered in many cases. So, for a simple 
system like reduction of I'e20^ by H2 there are many investig- 
ations with many complexities and controversies'' \ The 

present investigation de.'^ls with a much more complex system 
due to the presence of vsrious reactions as well as due to the 
effect of multicomponent diffusion. Moreover, carbon depositi- 
on on pollet, pollet swelling etc. have made the situation mo- 
re complicated. Therefore, it is neither possible nor desirob- 
le to try to interprete more rigorously. 
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17.11 'n ','ith Litorature : 

Lot t’;u fr'cticn :'f CH^ boin^: (i.oco:ri'>'iose(i. into in 
blnnk ox' .:rir;ont ^-o y. 3 d, 1 mole of inlet CxH, gas produces 
(l-x)+2x i.e, 1+x moles of exit {■^os. Therefore, mole fracti- 
on of H, in the exit .poo (X„ ) = . In other words, „ 

iio 

Tt a= ^ 

Q "V* * 

The t'ojlo 17.4 presents the vario.tion of x with tem- 
perature in th .■ blank ex’Doriments at approximately steady st- 

at<D cord iti.. n. 


Table IV. 4 Variation of x with temp . 


'.3r Trent ITo. 

Tomp'Crature ( '"K ) 

X 

21 

1298 

0.361 

14 

1223 

0.159 

16 

1148 

0.053 


Plot of log X vs. (Pig.IV.lO) from the above da.ta 
vielcls an active, tion enoi'ry of 163.8 KJ/g.mole, This is much 

f n Q *7 ^ 

less than what is reported, in litf.orp.ture'' ^ , According to 

Iaidlor^^^\ tho activation energy for decomposition of CH^ 

(7) 

is 423 KJ/g,mole whereas Eisenberg. and Eliss^ have repor- 
ted this value as 355 KJ/g.mole. T his , lower value may bo d u e 

r.o + oTTr+.in oPPpp.-h Q-f T.oSnnAd — Irou as hr g ' eon shown by -Hotj^v^gr, 
Misra^^^^ 54- has been' renorted there that the activation ener- 
gy for r: jconp.Dsition of GH^ on reduced iron was 63.84 KJ/g.mole 

which is far less than what is reported by Laidler or Eisenberg 
The 

et al, reason for lowering of activation energy value 
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FIG. IV.10- ARRHENIUS -TYPE PLOT FOR METHANE 

DECOMPOSITION IN BLANK EXPERIMENTS. 

|! : ’ , 


i 


1 
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r 


in tho rroR ,>r-t 


rIcw h>' slow coolina of 


{'Rs v;nich w.' p n.-+ th c''Ro i:i oil.-o'’ investigations. Assuming 
the c mst‘^nt t ;-;"^ ■r' ture zo.ne iu tho present investigation 
of length 8 cm., ro'siienco time of gas at hot zone at 1025°C 
w'':s c'^lculoto ’ op 12 seconds. Extrapoliating ■^'ata. from Eisen- 
berg ot ''-i., it is seen that this 'lu.ch curxversion should have 
taken rl; in 5.5 socDnis uily. So, the difference in the 
n.ctiv'’t L. V energy v^luo esn be partially attributed to slow 
he.’. tin,; ns w:';ll • s si )W cooling cf tho gas in the present 
system, which t'.ini to lower the effective temperature in the 
hot aone of th;^ furnace. 

At hioihor flow rate the effective temperature of the 
gas in the hot zone is ivxnected to be even less. This effect 
actually might lower tho concentratirm of H 2 in the gas at 

hifjher flow rate, tlireby decreasing the rate of reduction. 

( 5 ) 

Hisra^' used much higher flew rates (12 cc/sec.) in his exp- 
eriments. lie fourxi lower rates of reduction as compared, to 
the present invostiprotion. It is Jikely that the effect dis- 
cussed ab Bight ha,ve caused this discrepancy. 

All these disciissions point out that the reduction by 


CH^ would perhaps be slower by factor of 20 or more as compa- 
red to H 2 reduction if Mullite furnace tube did not help in 
the decomposition of However, nothing more can be stated 

about it at this st.age. 
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C H F T g R -Y 
SUMMARY :iITD COHCLUSIOhS 

1. .?x:'erim 3 Xital set-up consisting of three major units 
vi?i. m.ithane f^v..ner•■;ti '.'n and storaf/e, /-Tas train, and thermogr 
avimotric s;it-up were devsigned and fabricated to study the 
reducibility of iron oxide in metha-ne-containing ga.scs, 

2. Altogether 30 experiments were carried out. Most of ■ 
them were reduction experiments. Ii 2 » OH^^, H 2 + CH^ and 
followed by H 2 were used as reducing gases for the reducti- 
on of spherical ^ 62^3 pellets at four different temperatur- 
es like 800 ^-’C, 875'^C, 950''^0 and 1025'^C. Exit go,s was analy- 
sitfl along with the measurement of fractional reduction (P ) 
of the pellet. Carbon dejiosition on the pellet due to crac- 
king of CH, was also measured in many experiments. 

( f. 

3 . Deconr.osition of CH^ into C and H 2 took place mostly 
on the Mullite furnace tube inside which the pellet was 
hung. 

4 . The results with CH^ as reducing gas showed a reprodu- 
cible tendency of P vs. t curves to be linear after a cert- 
ain period. On an average this steady state varied from 

P as 0.3 to P 0 . 9 . 

5 . The rates of reductiun by CH^ were approximately lower 
by a factor of 5 at 950°C in comparison to that by H 2 . The 
lower rate of reduction with GH^, eould not be explained 
either by pore blockage due to deposited carbon or by 
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’rerif'ont f- '.'n effect' which was v'r''V 3 fi to be insig- 
nific- nt. Movrever, it hos been juF-tifiert by the lower pa- 
rti- i resoure -^f hyfirrpen -^^urinr CH,- reduction, 

iicducti.n rote increased with increase in temperature 
methane fl:uw rate and rellet size. Dense pellets (e,p-0.05) 
exhibited a greater rete of >oxyren remove! c^^pared to po- 
rous rellets (einO.5). 

"7* Carbon deocsitiL-n on pellet increased with increase 

in temperature. Carbon was fonnd tj ponetrr-'te inside the 
pellet. 

Reduced pellet showed an increase in size at all ta- 
mneratures, except at 1025^0, when pure was the redu- 
cing.'; ga.s. This was a contrast to what bad happened during 
reducti- n with pure Eg. 

The experiraent, with the pur’-^ose of pellet temperat- 
ure measurement, recorded a subst.antia.l drop in temperat- 
ure inside the pellet, 

8, The reduction of ^©2*^5 ^ stage process, Deco- 

mnosition of CE^^ into C and B 2 was followed by the reduct- 
ion of ^2* 

At both P = 0.2 and P = 0.7, apparent activation ene- 
rgy of the overall reduction process was found to be arou- 
nd 210 KJ/g.mole in the temperature rouge of 800°C - 950°C 
„ and os 105.7 KJ/g.molo in the temperature range of 950°C - 
1025°C. 
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For the octu:"! roci'uctiwr! stor (i.e. reduction of iron 
oxide by H 2 )y ot P =• 0.7, the apparent -activation energy 
was obtain ,ai as 15.3 K'J/g.rnole in the terpvirature range 
of 875''’C - 950'''C and •■■s 45.0 KJ/g.molf; in the temperature 
range -f 950''c - 1025*^0, The activaticn energy for the 
decorr.;- '.•sition of in the present system was obtained 

ns 163.8 KJ/f.mole. 

9, Decomposition of CH,, wa.s found to primarily control 

the over -all reduction rate. However, diffusion through 
the gas boundary layer seemed to control the actual redu— 

, reaction of Fe 20 ^ with H 2 . 


cti:in reaction i.e 
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probleni 

rk . Lo t 
din£? on 
ion for 


0 H ; ^ S_E. Y1 

uOco;'i:-kJi);.^iCN8 f’or further work 

¥.,;ry few investirations have 'been dene over this 
The '''rosont .)ne C'--u.‘'be taken as a preliminary wo- 
•f investigations can be done in this field depen- 
the objective. Therefore, no concrete rec emmendat- 
further work would be made. 
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A.i 


P S D I X 

Appe nr ^ ±x A.I : EsiTerijnental Results 


Experiment Fo.l 


Pellet i "ht = 0.890g'm., Pellet Pda, meter (d^) =0.775cmc, 

Practi - ;■ ::ronity of Pellet (a) = 0.506, 

Tempo-rr.oP.ru (T) =:]073 ‘dC, 

Volumetric J’low Rntj Inlet Oas (V) = 13. 6cc(STP)/sec. , H 2 
Plushint.; G-as : IT, (9). '' 


Time (secs. ) 


180 

300 

420 

540 


Fractional 
RGduction(P ) 


0.4S9 

0.899 

0.988 

1.000 


Gas Analysis 


Uot done 


Observations,/ 
Comments, if 
any 

Slight crack 
on reduced 
pellet surf- 
ace was seen 


( 9 ) Flushing gas would be Argon, if not mentioned 
otherwise, in the following experiments. 


w 

= 0.875 

gm 

., d^ 0.758 

9 

V 

= 14.8 

cc 

(STP)/aec. , H 2 » 

Time (secs 

A 

F 


60 


0.211 


120 


0.405 


240 


0.744 


360 


0.917 


480 


0.937 


600 


0.995 


e = 0.2T1, T = 1073 K 
Flushing Gas : IT 2 

Gas Analysis Comments 


Experiment Ho. 2 

cm. , 


Rot done 



A. ii 


jicrerime nt iro.3 


w = J.?98 ,-n., = 0.963 om., , = 0.067, T = 1073 ^ 

V * 15.00 cc(STP)/soc., H 2 . 


'ime ( secs. 


300 

540 

900 

1260 

1800 

2160 

2700 


0.054 

0.113 

0.191 

3.34 5 
0.538 
0.698 
0.878 
0.946 
0.980 


5 Analysis 


liTot done 


Comraents 


ifeperiment Ho . 4 


y 0.930 {’'in. , = 0,802 cm,, 

V = 18.24 c<^(STP)/sec. , 


e = 0.346, T = 1223 °Z, 


Time (secs 


0.289 

0.609 

0,826 

0.924 

0.996 

1.000 


Gras Analysis 


Comments 


Ifot done 


A.iii 


.•ii xperlinent W o . 5 


W = 1.834 r-m., = 0.866 cm., 

¥ = 18.24 cc(BTP)/s.:ic. , Hg. 


e = 0.000, T = 1223°K, 


Fo RciPliatic Data 


Fas Obtained cCs The Pellet Cracked 


To) Much (i.lnicst Powdered). 


Experiment Do. 6 


¥ = 1.204 d^ = 0.843 cm., e = 0.271, T = 12^3 °E;, 

V = 0.75 cc(STI )/sec., GH^. 


Time(Becs. ) 


60 

240 

500 

480 

720 

900 

1200 

1440 

1500 

1860 

2100 


jp(9) 

Gas 

Analysis (Mole Fraction) 

Comments 


H 2 

CH^ Ar( Balance) 


0.053 




0.192 

0,02 

0.056 

Gas ana- 

0.305 



lysis 

0.358 



was not 
much re- 

0.429 

0,546 

0.651 

0.36 

0.36 

liable . 

0.847 

0,956 





( 9 ) Hence forth, F would renresent apparent fractional 
reduction of the pellet as it' could not exclude car- 
bon deposition on the pellet. Hewerer, in the plots 
P stands for,, actual fractional reduction ^which has 
been obtaihed from these data', by takiAg maximum F ’ 
( 0.956 in this case) as 1,000, It can be noted that 
difference betwen apnareht fractional reduction and 
actual fractional reduction was very small. 



A.iv 


liix^ vrim.ent fon.T 


¥ = 1.136 .-n.. 

■' 0 

0.830 cm., e = 0.246, 

T = 1223 

V = 0,75 ccdTI 

)/Rec. , 

CH^. 


Time{secF. ) 

F 

Ohs Analysis 

Comments 

90 

0,107 



210 

0.256 



51C 

0.306 


This expt. 

690 

0.394 


was meant 
for Repro- 

930 

0,463 

Wot done 

ducibility 
checking of 

1170 

0.585 


expt. no. 6. 

1410 

0.681 



1710 

0.925 



1950 

0.960 




Experim e nt Ifo.8 


¥ - 2.261 

do 

= 0.959 

cm., E = 0,070, T « 1223 

7 = 0.75 cc 

(STP)/sec., 

CH^. 


TiiQe(secs. ) 

F 

G-as Analysis (Mole Fraction) Comments 



Hp 

OH^ ..Ar 5 Balance) 

60 

0.066 



360 

0.224 

0.16 

0.39' 

720 

0.323 

0,26 

0.49 

1020 

0.387 



1320 

0.469 

0.28 

0.52 

2100 

0. 664 

0.31 

0.46 

2880 

0.846 

0.34 

0.48 

3540 

0.962 





'’IxHorinient 9 


A, V 


¥ = 1.25s '-m. 

•4 

? -v,-) - 

V = 0.73 co(0 

ll)/soo.. 

l^■.7^ cc( 

CTl)/pec, 

Time (sacs. ) 

F 

60 

0.047 

120 

0.130 

240 

0.234 

360 

CH. stop'po 
passed 

420 

0.285 
d f>nd 

C 

0.339 

480 

0.533 

600 

0.825 

720 

0.965 

840 

0.966 

900 

0.973 

¥ = 1,211 0n. 

, d = 

* 0 

V = 0.75 cc(STP)/8ec. , 

15*00 cc(STP)/sec. 

Time (secs, ) 

i 

60 

0.037 

120 

0.097 

360 

0.262 

600 

0.341 

840 

0.423 

1260 

0 

CD 

OD 

CH. stopped 

and H 2 P' 

1380 

0.752 

1440 

0.854 

1530 

0,962 


0,837 cm. 


CH. 


, H2 


e = 0 , 275 , T = 1223 
First 6 Minutes 
Rest of the Period. 


Gas Ana lysis 


Comments 


Fot done 


Experiments No. 10 
0.837 cm., e = O. 251 , 


T= 1223 K, 
: First 21 Minutes 

2 I Rest of the Period. 

Gas Analysis Comments 


Not done 


1620 


O.QfiE 


A. Vi 


BxT-jrlra ent Ko.ll 


II 

« 

• 

rl 

'3 

1266 cm. , 

e = 0.2 

38, T = 1223 °K, 

v = 1.':; 

r)/:7. "C. 

, CH, 



Tine Gi'. ) 


Gns Analysis (Mole 

Fraction) Observation 



Ho 

CH, 

Ar (Balance ) 

60 

0.008 

0.003 

0.06 


30C< 

0.089 




600 

0.207 

0.15 

0.44 

Slight cra- 

960 

1200 

0.305 

0.22 

0.57 

ck on pell- 
et surface . 

0. 350 

0.25 

0..51 

1800 

0.479 

0,32 

0.65 


2700 

C .702 

0.31 

0.57 


3720 

0.995 





Bx •■■.-r i rnout I'To«12 


W = 1.212 


= 0.865 cm, , 

e =• 0 

.321, T = 1148 °e;. 

V = 0.75 

C!c(ST]')/sec. , 

CH 4 

, Flushing Gas 

: 1^2 . 

Time(?:' t:r 

, ) F 

G-as 

N 2 

imalysis (Mole Fraction) Observation 

CH 4 CO 2 H 2 (Balance) 

60 

0.011 





240 

0.048 

0.55 

0.47 

- 


600 

0,135 

0.32 

0.56 

0.03 


1200 

0.2:4 





1800 

0.309 

0.10 

0.64 

0.06 


3000 

0.379 





2280 

0.332 

0.07 

0.69 

0.05 


4500 

0.497 





6000 

0. 656 





7200 

0,792 





8220 

0 . 976 







A. vii 


Experiment 1^0.13 

¥ = 1.273 cm., = 0.883 cm., e = 0.328, T- = 1073 °K, 

Y = 0.75 cc(ST?)/sac. , CH^ . 


Time (secs . 

) F 

Gas Ana 
H2 

lysis (Mole Fraction) Observation 

CH. Ar (Balance) 

60 

o 

• 

o 



240 

0.007 

0.003 

0.09 

900 

0.02S 

0.009 

03 

• 

O 

1500 

0.053 

0.010 

0.76 

2100 

0.071 

0.017 

0.86 

2700 

0.089 

0.018 

0,97 

3300 

0.114 

0.02 

0.99 

5400 

0.174 

0.03 

0.99 

6000 

0.192 

0.03 

0.99 

7500 

0,242^ 



9 

After this, i 
switching CH 

oxT'eriment 
. off. 

T 

was deliberately stopped by 


Experiment No. 14 ^ 

¥ = 1.245 gm,, = 0,873 cm., e = 0.321, T = 1223 °K, 

V = 2.77 cc(STP)/sec,, CH^ . '■ 

Time(secs.) E Oas Analysis(Mole Practipn) Obseryation 

'S.2 GH^ Ar(Balvance) 


60 

0.054 



420 

0.330 

0.20 

0.62 

780 

0.570 

0.27 

0.60 

1140 

0.778 

0.29 

0.60 

1320 

0.875 

0.28 

0.59 

1500 

0.954 

0.30 

0.58 

1560 

0.961 




Slight cra- 
ck on pell- 
et surface. 


A.viil 


Experlm ent No.l 5 


¥ = 1.178 gm., = 0.848 cp.,, e = 0.299, T = 122? °K, 

V = 2.76 cc(STP)/sec. 


Time(secs. ) 

F 

Gas Analysis (Mole Fraction) 

Comments/ 



H 2 GH^ Ar (Balance) 

Observation 

60 

o 

• 

1 

o 

CO 



240 

0.188 

0.04 0.10 

(i) This ex- 

480 

0.?57 

0.15 0.55 

periment was 

660 

0.481 

0.17 0.60 

meant for 
Heproducibi- 

* 780 

0.545 

0.19 0.61 

xity checki- 

1020 

0.71? 


ng of expt. 
no, 14 

1?80 

0.978 

0.27 0.60 

(ii) Sli^t 

1440 

0.986 


crack on 
pellet sTir- 
f ace. 


Bxpe r iment- Iiro.l6 


V = 1.244 gm., d^ = 0.849 cm., e = 0.264, T = 1148 °K, 

Y = 2.62 cc(STP)/s 0 C. 

Time(secs.) P Gas Analysis (Mole Fraction) Observation 

CH^, Ar CO 2 H 2 (Bala- 

__ nee) 


120 

0.025 

0.3? 

0.64 

- 

360 

o.ogo 

0.70 

0.27 

0.02 

600 

0.154 

0.84 

0.13 

C\i 

0 

0 

1080 

0.262 

0.89 

0.03 

0.02 

1680 

0.341 

0.98 

0.01 


2280 

0.416 

0.98 

0.01 

- 

3600 

0.607 

0.9? 

0.01 

- 

4800 

0.786 

0.9^i 

0.01 

- 

6000 

0.977 






A.ix 


Szperinent Ho, 17 

W = 2,174 fm. , = 0.939 cm,, e = 0,046, T = 1223 


V = 2.84 cc(STP)/sec. , CH. . 


Time(secs. ) 


120 

0.037 



240 

0.084 

0.56 

0.16 

480 

0.147 

0.61 

0.05 

720 

0.266 



1080 

0.471 

0.67 

0.02 

1320 

0 , 602 ' 



1560 

0.708 

0.62 

0.01 

1920 

0.802 




Gas Analysis (MoI© Enaction) O'bsGnva'tion 
CH^, Ar CO 2 H 2 ( Balance) 


(i) Reducti- 
on itse-- 
If stop- 
ped unu- 
sually 
after 
P=0.802, 

(ii ) Reduced 
pellet 
showed 
deforma- 
tion of 
its sur- 
face. 


ExTioriment No. 18 


W - 1,238 gm., d^ = 0.868 cm., e = 0.313, T = 1223 °e:, 
V - 2.77 cc(STP)/seG. , CH. : First 11 Minutes 


14.82 cc (STP)/sec. , H 2 
Flushing Gas : ^2 • 

Time (secs.) P G-a 


: First 11 Minutes 
t Rest of the Period, 


0.421 

CH^stopped and H 2 

720 

500 0.881 

1080 0.978 


Gas Analysis (Mole Fraction) 
H2 CH^ ^2(2^1^^®®) 


O . 007 0.006 0.10 

p.lp4 0.06 0.37 

P. 219 

0.316 Fot Ca-0,70 

6. *4 21 Iculat- 

' - ed 


lot Ca- 0,05 

0.881 Iculat- 

ed 

0.978 1.0 


Observation 


A.x 



Experiment No. 19 


¥ 1.291 

gm., = 0 

.876 cm., e = 0.304, T = 1223 

°Z, 

V = 2.32 

cc(STP}/sec, , 

CH^ 



+ 



7-65 

co(STP)/sec. , 

H2 - 


Time (secs 

.) F 

Gas Analysis (Mole Fra,ction) 

CH^ H 2 Ar ( Balanc e ) 

Observation 

120 

0.342 



240 

0.622 

0.16 0.59 

Crack on 

480 

0.942 

0.18 0.69 

the redu- 

600 

0.975 

0.16 0.69 

ced pell- 
et surfa- 

660 

0.978 


ce . 


¥ =■ 1.211 

V = 2.77 

Time (secs 

Experiment No. 20 

gm., = 0.838 cm., s = 0.253, ^ = 1073 ' 

cc(STP)/soc, , CH^ . 

. ) F Gas Analysis (Mole Fraction) Observation 

H 2 CH^ Ar( Balance) 

60 

0.015 

0.006 

0.66 


480 

0.031 

0.009 

0.81 


960 

0.054 

0.01 

0.91 


1440 

0.085 

0.01 

0.99 


1920 

0.112 

0.01 

0.98 


2880 

0.170 




3600 

0.201 

0.015 

0.985 


4320 

0 , 229 ^ 





9 After this, experiment was stopped by switching 
CH^ off. 


Experiment Ho. 2 1 


W = 1.217 S 

•m., d^ = 

0.873 

cm. , E =• 337, T = 

1298 °K, 

V = 2.70 cc 

(STP)/sec., 

CH^ 

• 


Time(secs. ) 

P 

Gas 

Analysis (Mole Fraction } 

Observation 



^2 

CH^ Ar( Balance) 


60 

120 

0.015 

0.096 

0.11 

0.13 

(i) CH. flow 
rate was 
little 

300 

0.359 

0.34 

0.28 

unsteady. 

540. 

0.683 

0.42 

0.36 

(ii)CH. crac- 
ked too 

660 

0.849 



much. 

780 

0.930 

0.51 

0.38 

(iii)ln chro- 
matogra- 

. 900 

0.968 



ph, one 
gas(po- 


ssibly 
CO ) comp- 
onent 


appeared 
in betw- 
een 

and Cfi,, 


in very 
small 
amounts . 


f 


Experiment Mo, 22 


¥ - 1,236 gm., d^ = 0.873 cm., e = 0.326, T = 1298 °K 


V = 2.77 cc 

(STP)/sec,, 

OH4 . 


Time 'secs. ) 

P 

Gas Analvsis 

Observation /Comments 

60 

< 

0.019 



120 

0.057 


(i) This expt. was 

300 

0,327 


meant for Rep- 

540 

0.657 

Not done 

roducibility 
checking of 

660 

0.817 


expt. no, 21 

780 

0.938 


(il) Observations 

900 

0.969 


are same as 
in expt, no. 21, 



1 



Experiment Fo, 24 

¥ = 1,206 gm. , . <^0 0.852 cm., e = 0.292, T = 1298 °K, 

V = 2.70 cc(SlP)/3ec. , CH^ . 

Tliis experiment was performed to determine extent 
of carbon deposition on the pellet at F cn 0.4 (Carbon-deter- 
mination Result in Table III.l). So, Gas Analysis and Redu- 
ction data were not collected. 
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'Experi ment ]}To»25 


¥ = 1.244 gm. , = 0.865 om. , e - 0*305, T = 1298 
V = 5.23 cc(STP)/sec., CH^ . 

This experiment nns perfornod to determine the extent 
of car'bon deposition on the pellet, at F-O.? (Car'b on-determ- 
ination Resist in Ta'ble III.l). So, Gas Analysis and Reducti- 
on data were not collected. 


Experiment 110.26 


¥ = 3.57B 

V = 2.77 

Time (secs 

cm., = 

cc(STP)/soc., 

.) ? 

1.15 cm., e = 0.146, T = 

Gas Analysis (Mole Fraction) 
Ar CH^ H 2 (Balance) 

1223 K, 

Comments 

60 

0.019 

0.78 

0.22 

The desir- 

960 

0.301 



ed E of the 





pellet was 

1560 

0.442 



0.30 approx. 

2160 

0.602 



But unfort- 





unately it 

2760 

0.764 

0.03 

0.60 

could not 'be 

3120 

0.846 

0.02 

0.54 

achieved. 

3480 

0*922 

0,02 

0.57 


3840 

0.956 

0.02 

0.59 



This was a 'Blank Experiment’ (i.e, experirnent without any 
pellet ) 


T = 1298 

Time (secs. ) 

Gop 

H2 

V = 2.78 cc(STP)/sec. , 

Analysis (Mole Fraction) 
CH^ Ar ( Balance ) 

CH^. 

Comments 

120 

0.27 

0.17 


300 

0.47 

0.33 

This experim- 
ent was carr- 

540 

0.53 

0.39 

ied out to ancCLys 

720 

0.57 

0.41 

the exit gas 
in absence of 

900 

0,55 

0.45 

pellet at 

1025°C. 

1020 

0.61 

0.40 


Experiment No. 30 


This was a ’Blank Experiment’ (i.e. experiment without any 
pellet ), 

T = 1148°K, Y = 2.77 cc(STP)/sec. 


Time (secs_._) 

©■as 

imalysls (Mole Fraction) 

Comments 


!2_ 

CH^ Ar( Balance) 


120 

0.09 

0.34 

This experi- 

360 

0.09 

0.57 

ment was ca- 
rried out to 

720 

0.12 

0.77 

analyse the 

1080 

0.13 

0.80 

exit gas in 
absence of 

1260 

0710 

0.77 

pellet at 


875°C. 


A. rvi 



( i ) For Intermediate and Later P e riods ; 

Let V "be the v.5liLinetric fl:iv rate (cc(STP)/sec, ) of 
CH^ and y be the fraction of CH^ which has been decomposed to 
^ , produce' 9 and H 2 at a particular time at which (p^ q/Pjj ^actual 
is to be calculated and at which gas analysis also is known. 

Some of the above H 2 reacts with Fe20^ to five H20-, 

* 

Let Wq be the rate of oxygen removal in gm/sec. which 
can be c bta,ined from the reduction data* 

Let us consider the following two reactions-, 

CH^ = C + 2 H 2 

and H 2 + [0] = HgO 
where [O] is the oxygen of Pe20^., 

Assumptions ; It is assumed that H 2 O does not react 
elsewhere. Also, formation of CO, CO 2 etc. by auxiliary rea- 
ctions are considered negligible. 

Calculations : Rate of oxygen removal from Fe20,=¥o gm* 

m 

= atoms. 

gOf no, of moles of H 2 which reacli^ with [0] - (to produce 

^ mole.s. ,pf JE^O). 

Out of moles of CH^, 22400 have been decomposed 

to produce "^^^O ^2* 



A.xvii 


Let us now prepare a table of inlet and exit f.co.ses : 


OH 


Inlet 


V 


4 * 2*^400 ■■ 


Sxit 

* 

V 


^^ 4 * ^ 22400 “ 22400 “ 


H. ; ( 


2Vy 




22400 

k- 


— )mbies 


16 


males 


From the above , 


P 


CH 


P 


i = V (1-y) 


H. 


27y - 1400W. 


2 

From gas analysis data L.H,S, is'knrwn. V and ¥ bei- 
ng known, y can be obtained. 


As, ( 


^2^ 


) 


1400 ¥r> . 

Actual 2Vy - 1400 


The L.H.S. can be obtained as everything in R.H.S# 
are known. , 


( li ) For Initial Perj-'^s : 

let, fra,ction o-f CH^ being decomposed by z (assuming - 
H&gltgible H^O formation). Let us consider 1 mole of CH^ as 
inlet gas. 

Inlet Exit 

(l-g) mole CH^ 

1 mole CH. ' 

^ 2* mole H2 



X 


A-. xviii 


So, 


CH. 


1 


Z. 


■H. 


2 s 


■L.'H.S. is known from f'-as an:'.!:, sis . So, .» can bo obtained. 
Let, V inlet volumetric flow rate of in the inlet. 

Due to the abundance of flushing gas inside the furnace dur- 

# 

ing initial periods, working flow rate of CH^ (V) will be les 

thc,n V . T , , 
inlet 

As 1 mole of 0H_,„ produces (l+z) moles of exit fases, 

» ' , 

Y volume of CH. should produce V (l+z) cc(STP) of exit mas 
per sec* 

So, V (l+z) - Y (X^jj^ + Xg^) 

• * 

Assuming, Y • j. = Y . ^ , 

exit inlet 

-_jLj^^g^(Xgg...-fc_Xg ) 

• H £L 

Y = 

l + z 

Uow, as in case of intermediate and later period. 


and 


( — ^ 



1 - y ) 

2Yj - 1400 ¥q 


where, j = fraction of CH^ cracked 
(taking care of H2O formation) 


) 


Actual 


1400 

2Ty - 1400 ¥q 


As, R.H#S* terms are already known, 
value can be obtained. 


Actual 



Date Slip 


A 65983 

A 65983 


This book is to be returned on the 

date last stamped. 



CD 6J2.9 





